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Abstract
Klebsiella aerogenes has been grown in carbon - limited chemostats 
and the heat output of different steady states measured by pumping 
the culture through an LKB flow microcalorimeter. Initially the flow 
time between fermentor and microcalorimeter cell was 5 minutes 
during which time the steady-state conditions of the chernostat were 
disturbed and the measured heat output was less than that in the 
fermentor. To minimise this problem a specially designed fermentor 
was fitted into the airbath of the microcalorimeter, thus providing 
temperature control and reducing the flow time between fermentor and 
microcalorimeter to 1 minute. This design was adequate providing 
only one dilution rate v/as used in each experiment. If different 
dilution rates were used in the same experiment the fermentor contents 
could not be maintained at and inaccurate heat outputs were
recorded. It is believed that with modifications this design may be 
used to accurately determine the energy changes occuring in chernostat 
cultures.
K.aerogenes has been grown in batch culture in media limited 
by carbon or nitrogen. ' Characteristic heat output - time records were 
obtained for each medium. As growth proceeded the heat output 
increased steadily until oxygen became limiting whereupon the rate of 
heat output decreased. During the stationary phase endogenous 
metabolism occurred in the carbon-limited media and slow degradation 
of excess carbon in the nitrogen - limited media both of which gave 
rise to relatively large heat outputs.
The total heat output of nitrogen - limited cultures was 
greater than that of carbon - limited cultures. When glycine replaced 
ammonium sulphate as nitrogen source the total heat output was 
increased. Very inefficient growth occurred when glycine provided 
both the carbon and nitrogen source. The heat output of all cultures 
changed with changes in oxygen tension, pH, biomass and flow rate 
between fermentor and microcalorimeter.
This thesis comprises a report of full - time research 
undertaken by the author in the Physical Chemistry Laboratories 
of Bedford College, University of London, from October 1975 to 
September 1977• '
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1CHAPTER 1
INTRODUCTION
1.1 Klebsiella aerogenes
1.1.1 Properties of Klebsiella aerogenes.
Klebsiella aerogenes NCTC 4l8 was used throughout this work. 
The organism is classified as a member of the Enterobacteriaceae 
group and has been known in the past as Bacterium 1 actis aerogenes 
and Aerobacter aerogenes; it has recently been reclassified as 
Klebsiella pneunominae.
It is a rod shaped (up to by ) non motile, non sporing,
facultative anaerobe and forms a capsule both in tissues and in 
artificial culture. Seventy two serotypes of the genus Klebsiella 
have been typed using the capailar antisera as the typing criteria.
K. aerogenes attacks sugars fermentatively, usually producing a 
gas. It is KCN, Voges - Proskauer and catalase positive, but oxidase, 
methyl red and phenyl-alanine negative.
The majority of isolations of K. aerogenes are from saprophitic 
sources such as water supplies. In man the organism is usually found 
in the, urinary tract; most strains are non pathogenic.
1.1.2 Nutrients Essential for Growth.
a) Carbon - Carbon is an essential nutrient, both as an energy
source and for cellular synthesis. Up to 50% of the dry weight of
Escherichia coli, an organism very closely related to K.aerogenes , 
consists of carbon (Roberts et al., 1955).
A wide range of compounds can be used as carbon sources 
iBaskett and Ilinshelwood, 1950) and much work has been done on the 
various metabolic paths. Glucose is normally converted into pyruvic 
acid by the Embden-Heyerhof pathway (Fig. 1.1). This reaction is 
often called glycolysis and does not require oxygen. Overall one 
mole of glucose is converted into 2 moles of pyruvic acid and a net 
total of 2 ATP and 2 NADH molecules are produced. The fate of the 
pyruvic acid then depends on whether oxygen is available. Under 
anaerobic conditions K. aerogenes ferments most of the pyruvic acid 
to 2, 3 butanediol, although a small amount forms ethanol, acetic 
acid, carbon dioxide and hydrogen (Fig. 1.2). Under aerobic
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7conditions the pyruvic acid undergoes oxidative decarboxylation 
to acetyl co-enzyme A which then enters Krebs' cycle (Fig. 1.3)• The 
nett effect of Krebs' cycle is to produce 2 moles of COg, 3 moles of 
NADH, 1 mole of FADE and 1 mole of ATP for each mole of pyruvate 
entering the cycle. The FADE and NADH molecules formed during 
glycolysis and the Krebs' cycle are oxidised by an electron carrying 
chain of cytochromes located in the mitochondria of the cells. The 
oxidation of 1 molecule of FADE to FAD produces 2 ATP molecules and 
the oxidation of 1 molecule NADH to NAD gives 3 ATP molecules.
Overall 38 moles of ATP are produced by the metabolism of glucose 
through glycolysis, Krebs cycle and the electron transport chain.
The ATP produced by this pathway is the energy store of the organism 
and when it is hydrolysed to ADP AG = - 29.3 kJ (mol ATP) Hence
the production of 38 ATP moles by 1 mole of glucose provides a total 
of 1134 kJ of energy to the organism. This will be used for growth 
and the various anabolic processes occurring in the organism.
The free energy released during the combustion of 1 mole of 
glucose in a bomb calorimeter is 28 13 kJ. Hence the utilisation of 
energy available from glucose is only about 40/o efficient, the 
remainder of the energy being wasted by the organism. It is this 
wasted energy, liberated mainly as heat, which is measured by micro­
calorimetry. (Section 1.4).
b) Nitrogen - Nitrogen is usually provided to the organism as 
ammonium salts, amino acids or other simple compounds and is required 
for the synthesis of amino acids, purines and pyrimidenes and can 
account for up to 15% of the cell dry weight.
K. aerogenes readily utilizes ammonium ions (NE^^^ and can be 
adapted to use glycine or other amino acids as a nitrogen source.
The use of glycine as a nitrogen source was found to be a slower and 
less efficient process than when ammonium sulphate was used as the 
source (Lodge and Hinshelwood, 1944). The overall metabolic 
pathway does not change when glycine replaces ammonium sulphate, but 
the specific reactions involving the breakdown and utilisation of 
the nitrogen source may vary according to the particular source.
The adaptation of cells to one nitrogen source or another involves 
a change in the enzyme balance of the cell which is why cells should 
be trained to grow in a particular media by sub-culturing cells
Fig. 1.3
The Krebs cycle or Tricarboxylic acid cycle,
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several times in that media.
c) Phosphorous - Nucleic acids, phospholipids and some reactive
intermediates e.g. sugar and nucleoside phosphates, all contain 
phosphorous. Inorganic phosphate, required in phosphorylation 
reactions, is taken up at a rate dependant on the rate of increase in 
cell population (Caldwell and Hinshelwood, 1957). Phosphates also 
play an important role as buffer solutions, maintaining the pH of the 
growth medium within limits suitable for growth.
d) Magnesium - Magnesium is essential as a co-factor for many
enzyme reactions (Kennell and Kotoulas, 196?) and is important in 
stabilising the ribosomes of growing cells (McCarthy, 1962). The 
bacterial population of K. aerogenes grown in continuous culture is 
affected by the magnesium concentration (Tempest £t al., 1965). The 
magnesium and RNA contents of the cell are interdependent and at low 
growth rates,when less RNA is required to be synthesised^more 
magnesium can be used for growth. This is discussed in more detail 
in Section 1.5.5*
e) Potassium - potassium ions are important as co-factors in some
enzyme reactions (Dixon and Webb, 1964) e.g. the phosphorylation of 
pyruvate by ATP. The growth yield in batch and continuous cultures
is dependent on the potassium concentration (Eddy and Hinshelwood, 1950; 
Tempest et al., 1966). Potassium also helps to control the internal 
pH of the bacterial cell. A critical sodium/potassium balance is 
required in maintaining the integrity of cell membranes.
f) Sulphur - Sulphur is required in the synthesis of several amino 
acids and also of several important intermediates e.g. co-enzyme A.
In E. coli 75^ of the element is located in proteins (Luria, I96O).
g) Oxygen - Some micro organisms cannot live in the presence of 
oxygen and reduce the products of glycolysis purely by fermentation 
routes. These bacteria are called anaerobes and need hydrogen for 
growth to occur. Conversely other bacteria cannot live without 
oxygen being present; these organisms are called aerobes. However 
most bacteria are remarkably versatile and can adjust their metabolism 
according to whether oxygen is available or not; these are called
l.l
facultative anaerobes and K.aerogenes is a typical organism of this 
type. When the oxygen concentration is above 15% K . aerogenes 
normally metabolises pyruvate mainly via Krebs* cycle. However, if 
the available oxygen becomes limiting anaerobic fermentation can take 
over. The products of anaerobic fermentation are different from those 
obtained via the Krebs cycle (Fig. 1.2 and 1.5) and similarly different 
amounts of energy are provided by the two metabolic routes.
Accordingly the amount of oxygen available to the growing bacterial
culture greatly affects the growth rate, pH, heat output and final
biomass of the culture.
1.2 Growth of bacteria in batch culture.
When bacteria such as K. aerogenes are inoculated into fresh 
media several distinct phases of growth occur. Initially a lag period 
is observed (Fig. 1.4) during which time cells do not divide but 
diffusible intermediates accumulate (Dagley et al, 1950) and enzymes 
required for growth and division are synthesised (Hinshelwood, 1946).
The duration of the lag period depends on the media used, generally
the simpler the media employed the longer the lag period. If amino
acids are added to simple media then the lag period may be considerably 
shortened. The age and size of the inoculum used also affect the 
lag period. When a large number of cells are added in the inoculum the 
time required for the diffusible intermediates to accumulate to the 
desired level for growth is much shorter than when fewer cells are 
used for inoculation. If the inoculum cells are themselves in the 
lag period the time lag for growth in the new culture will be 
especially long. If the inoculum cells are themselves in the 
stationary phase toxins will ue transferred with the inoculum zo rne 
new culture and also the viability of the cells will be decreasing 
with time. Cells in the exponential phase of growth may be used for
inoculation and these give the shortest lag period for the new 
culture. Antibacterial agents, such as antibiotics and adverse pH
or temperature conditions also extend the lag period.
Eventually a cell will divide by binary fission to produce two 
daughter cells and these repeat the life cycle (Winslow, 1955). The 
culture thus begins the exponential phase of growth during which time 
the culture doubles at a constant rate. If the initial concentration
Fig. 1.4
Typical growth curve of bacteria grown in batch culture,
00
LO
<
z
o
CD
CD
O
STATIONARY
PHASE
/  LOG 
PHASE
LAG
PHASE
TIME
1 /j
(i.e. biomass) of the organism is X then
1 dx = = dClog e X) = log* 2 1.1
X dt dt td
where td is the culture doubling time (mean generation time) a n d ^  
the specific growth rate (rate of increase of biomass per unit of 
biomass)•
The mean generation time and the growth rate are affected by a 
number of parameters. As for the lag, the medium plays an important 
role and the more complex the nature of the medium then the faster 
the bacteria can grow. The temperature has an important affect on 
the growth rate. For many organisms, especially those found in the 
bodies of mammals, the optimum temperature is about 37^  ^at which the 
growth rate is greatest. At temperatures above growth is 
drastically reduced and most bacteria are killed at these higher 
temperatures. Low temperatures slow down the growth considerably 
although refrigeration temperatures do not kill the organisms. Most 
bacteria have an optimum pH at which they will grow fastest. For 
K.aerogenes this is typically 6.8. Extreme acid or alkali conditions 
will kill most bacteria due to dénaturation of proteins contained in 
the cells. The presence of antibacterial agents reduces the growth 
rate and in some cases may even be bactericidal. The growth rate 
was shown to be dependant on substrate concentration by Monod (1942; 
1930). The relationship can be represented by a Michaelis - Menton 
type equation:
max ^ Kg + S ^
1.2
where S is the substrate concentration, xi the maximum value of’ max
growth rate and Kg the saturation constant (numerically equal to the 
substrate concentration at 0.^^ max^' Generally, in batch culture 
all nutrients are in excess and the growth rate during the exponential 
phase equals^ max* Monod (1942) found a constant relationship 
between the rate of growth and the rate of substrate utilization:
due = - Y ^  1.3
dt dt
where Y is the yield factor which is defined as:
15
Y = mass of bacteria formed 1.4
mass of substrate consumed
Hence when values o^. jU , K and Y are known, a quantitative
/ max’ s '
description of events occurring in the growth cycle can be made 
(Monod, 1942; Herbert et al., 1936).
The growth phase may be terminated by the accumulation of toxic 
products produced by the metabolic pathways. Alternatively an 
essential nutrient may be completely used up and growth will stop 
when the concentration of this nutrient reaches zero. Generally if 
only one nutrient becomes depleted and the other nutrients are in 
excess then the growth of the culture can be said to have been limited 
by that nutrient. If the products of metabolism change the pH 
greatly then growth may be terminated. For K. aerogenes growth stops 
when an adverse pH of 4.3 is reached. In most media the maximum
lO
number of organisms which can be supported is approximately 1 - 2 x 10 
organisms cm ^ and above this value growth is terminated due to lack 
of available space. The addition of antibacterial agents can stop 
growth at any time during the exponential phase.
Once growth has been terminated for one of the above reasons the 
stationary phase is entered. Further division of cells may occur but 
without a further increase in biomass. Endogenous metabolism of 
storage compounds, formed during the growth phase, or of by-products 
of metabolism may occur during this time. Eventually the death 
phase'may be entered and loss of cell viability occurs at an exponen­
tially increasing rate.
1.3 Growth of mico-organisms in continuous culture.
1.3.1 Theory of growth in a chernostat
The first principles of "continuous culture" were put forward by 
Monod (1930) and Novick and Szilard (193G, a). Since then much has 
been written on the theory of continuous culture and its technique 
(Tempest, 1968).
1 C
All continuous cultures start as batch cultures. ' However, if 
during the exponential phase of growth, fresh media is added to the 
culture at a sufficient rate to keep the population density at a fixed, 
sub-maximal value, then growth does not cease. Continual removal of 
culture at a rate equal to the addition of medium is essential. The 
maintenance of a constant volume of culture, at a constant microbial 
population, by maintaining a constant culture absorbance, is 
essentially the operation of the "turbidostat" (Bryson, 1932).
The "chernostat" (Novick and Szilard, 1950, b) is a second and 
possibly more important type of continuous culture apparatus. It is 
the type used throughout this work. A fixed volume of medium or 
culture (V) is contained in a suitably constructed vessel into which 
media flows at a constant rate (f). The chernostat differs from the 
turbidostat in that the population density is not directly controlled 
but is maintained at a constant value by making one of the nutrients 
in the medium growth - limiting.
Thus, a culture in a chernostat is allowed to grow batch - wise 
until the limiting nutrient is nearly exhausted. Fresh media is then 
added and growth continues at a rate proportional to the rate of 
addition of nutrient to the culture. The growth rate is proportional 
to the dilution rate (D):
= %  1.5
In the culture vessel, organisms are growing and removed simultan­
eously. The change in concentration of organisms (X) is given by:
Increase = Growth - Output
y
or
d X — /J. X — D X  1.6
dt"
Only wheryA = D will £x be zero i^ . a steady state. The chemostat 
provides this condition; by combining equations 1.6, 1.1 and 1.2
it can be shown that:
D =
max
S
Kg + G loge 2 1.7
The growth rate of organisms in the culture can be varied by 
altering the dilution rate. HoweveryU. can never exceed^x^ and so 
steady state conditions cannot be maintained above a critical dilution
rate (0^),nearly equal tOyU
max
For a quantitative view of microbial cultures in a chemostat the 
effect of the dilution rate on the concentration of growth limiting 
substrate (s) and of organisms (X) must be considered.
The net change in substrate concentration in a chemostat is:-
17
Change = Input - Output - Consumption,
ds = DS 
dt ^
- DS - GROWTH 
YIELD
1.8
where is the input substrate concentration and S the output substrate 
concentration.
Rearranging and substituting f o r g i v e s  (using equations 1.2 
and 1.3) :
K + S
s
1.9
Similarly it can be shown that:
= X
dt X max
- D
Ko + S
1.10
Equations 1.7, 1.9 and 1.10 define quantitatively the conditions 
in a chemostat (Herbert et al., 1936). The equations illustrate how 
the chemostat is inherently self balancing, ÿe it will always attain 
the steady state.
Since at equilibrium:
y  = ° y m .max
K + S
8
1.7
unique values of culture concentration (X) and growth limiting 
nutrient concentration (S) exist at the steady state, then
From equation 1.9
18
X  = Y (S - S) 
r 1.11
and from equation 1.10.
S = K 1.12
Substituting S (equation 1.12) in equation 1.11 gives
X = Y / S - K 
r s
/ max - D
1.13
The theoretical relationship between these two parameters and 
dilution rate are shown in Fig. 1.5.
/ ^ m a x ’ ^ ^s constants, thus changing D changes and t^ . 
S
r
1965).
If ^ is varied only X  is changed (Herbert, 1958; Tempest et al.,
An important practical consideration in operating a chemostat is 
the rate of output of cells and extracellular substances; from 
equation 1.13
Output = DX = DY S -  Kr s
D
y max - D
1.14
Usually is small relative to S^ and the output is equal to
DYS^. At near critical dilution rates D approximately equalsy ^
and the expression = D  approaches infinity and the
bacterial mass falls to max “ ^ zero (Tempest et al., 1965).
This is called "washout".
1.3.2 Modifications to the simple theory.
At a steady state the macromolecular composition and metabolic 
activity of organisms remain almost constant. However under different 
growth conditions these vary considerably (Herbert, 1961; Neidhart, 
1963; Tempest and Hunter, 1965). Hence a period of time is necessary
1 9
Fig. 1.5
Variation of biomass and limiting nutrient concentration
with the dilution rate of bacteria grown in chemostat cultures.
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for the physiological properties of the organism to adjust after a 
change in the steady state.
The yield value, Y, is not a constant as supposed in the simple 
theory of a chemostat, but varies with dilution rate. Generally the 
yield value changes at low dilution rates, (Section 1.3*3)•
The simple theory of continuous culture suggests that the 
concentration of growth - limiting substrate in the extracellular 
fluid is not dependant on the concentration of inflowing media (S^), 
but is only dependant on the dilution rate. Contois (1959) and later 
Tempest et al. (196?) and Meers and Tempest (1968) found it was a 
function of the bacterial population. Generally whenever organisms 
produce substances that stimulate or suppress assimilation of the 
growth - limiting nutrient a population density effect will be seen.
A non-limiting nutrient in the medium may affect the steady state 
concentration of the limiting substrate if it antagonises assimilation 
of the growth limiting nutrient. Alternatively, the antagonist may 
be assimilated to some degree and its concentration will depend on 
the population density. This in turn affects the growth rate.
Some nutrient antagonists may affect growth and alter the yield value, 
by affecting the synthesis of a macromolecular component of the cell 
(Dicks and Tempest, 196?). Other cases where a particular nutrient 
in the medium suppresses the synthesis of enzymes required for 
metabolism of the growth-limiting nutrient are known (Boddy at al,
1967). In this case a steady state cannot be set up.
The simple theory takes no account of the viability of the cells 
in the chemostat. Since some of the cells are dead obviously at 
the steady state the viable cells will have a growth rate greater 
than D in order to maintain the overall culture rate equal toy/% .
In the working of a chemostat this effect has little consequence.
King jet al (1972) showed that at low dilution rates (D = 0.05h ^) 
evaporation losses from the chemostat due to vigorous aeration must 
be allowed for, if reliable calculations of the dilution rate and 
related parameters are required.
22
Mixed microbial populations can occur in a chemostat through the 
entry of a contaminant organism or by mutation in the culture. The 
fate of the contaminant organism can be predicted (Powell, 1958).
Theory predicts that the contaminant will either be washed completely 
from the chemostat, or replace the original species completely. If 
the contaminant has a higher growth rate than the main culture then 
it will gradually replace the original organism. If it has a lower 
growth rate it will be washed out. As the relative rate of growth 
contaminant and main organism may vary with dilution rate, the fate 
of the culture often depends on the dilution rate at the time of 
contamination.
1.5.5 Growth of K.aerogenes in continuous culture.
The production of a number of enzymes by K. aerogenes depends on 
growth conditions in a chemostat. The activity of -galactoxotases 
is dependant on the dilution rate for cells grown in lactPse - limited 
chemostats(Smith and Dean, 1972). Furthermore the highest 
activities were only obtained if the cells in the inoculum were 
"trained" to grow under lactose - limiting conditions. The synthesis 
of pullulanase by a number of strains was investigated by Hope and 
Dean (1974, 1975); maximum synthesis was associated with carbon - 
limited growth at a low dilution rate. The enzyme remained bound
to the cell and was located on the cell surface. As the biomass was 
increased the amount of enzyme on the surface decreased. A change 
from aerobic to anaerobic conditions caused the release of the 
enzymes but on prolonged anaerobic culture the total enzymic activity 
and the proportion which remained cell bound returned to the values 
characteristic of aerobic growth. When grown from the beginning 
under aerobic conditions the pullalanase enzyme system was not 
induced. In glucose - limited chemostats the activity of phosphatases 
was maximal at a dilution rate of D = 0.4h ^ (Bolton and Dean, 1972).
The level of dissolved oxygen in continuous culture can be 
varied independently of other growth parameters. Pirt (1957) made 
a study of the oxygen requirements of K.aerogenes grown in a 
chemostat. For each mole of limiting substrate consumed P moles of 
oxygen are required, i.e.
23
^  = - p ^  1.15
dt dt
and hence from the basic equation of continuous culture
- dc = P. D. S 1.16
dt ^
The oxygen requirement of a continuous culture is thus dependant 
on the dilution rate and initial substrate concentration.
The effect of oxygen concentration on the growth of K.aerogenes 
in chemostat cultures was investigated by Harrison and Pirt (1967) 
who found that oxygen is growth limiting when the tension is less than 
10mm Eg (15%). At higher oxygen tensions the oxygen uptake is 
independant of the oxygen tension and the main products of metabolism 
are organisms and CO^ for carbon-limited media.
Between oxygen tensions of 5 and 10mm Eg the oxygen tension 
oscillates, presumably due to uncoupling of oxidative phosphorylation. 
Under carbon - limitation and anaerobic growth conditions the main 
products of metabolism are organisms, 00^ 2,5 butanediol, ethanol, 
acetic acid, formic acid and lactic acid.
Herbert (I965, 1967) showed that the amounts of cytochromes
a^, a^ and b were dependant on the oxygen tension when K. aerogenes 
was grown in continuous culture.
As indicated (Section 1.5.2) the yield value, Y, is not a constant 
but may vary with dilution rate. A decreasing cell yield at low growth 
rates has been observed with K. aerogenes grown in carbon - limited 
chemostats, Herbert (1958) suggested that this was due to the 
increasing importance of endogenous metabolism at low growth rates.
'This self - degradation of cellular material takes place almost at a 
constant rate and a term can be introduced into the theoretical 
equations to account for it:
d = ( /%- K ) X  1.17
dt ^
where K is rate constant for endogenous metabolism.
This idea of endogenous metabolism accounting for the decrease 
in cell yield at low growth rates in carbon limited media is supported 
by the work of Dawes and Ribbons (1964) and Luscombe(1974).
o+ 2+ 2- +When growth is limited by K , Mg' , SO^ , NH^ or phosphate then
the cell yield may increase at low dilution rates.
Dean and Rogers (I967) observed that cells of K, aerogenes grown 
+ 2-
under and SO^ limiting conditions at low dilution rates
contained five times more polysaccharide than did cells grown in media 
limited by other essential nutrients. This accounted for the 
increase in cell yield. Dicks and Tempest (I967) found similar 
results in - limited chemostats where there was an increase in
glycogen production at low dilution rates.
For K. aerogenes grown under Mg^* and phosphate limitation 
there was a quantitative relationship of 1: 4: 5* 8 for the Mg^ "*": K^: 
RNA: phosphate contents of the cell respectively (Dicks and Tempest, 
1966; Tempest and Strange, 1966). The RNA content of the cell 
decreases with decreasing dilution rate (Malek, 1967) and the cell 
requirement of k"^ , Mg^* and phosphate is diminished. Accordingly, 
an increased yield is observed at low dilution rates when growth is 
limited by K*^ , Mg^ "*" or phosphate (Tempest et al., 1965; Tempest et
al., 1966).
Bauchop and Elsden (I96O) concluded that the amount of growth of a
micro-organism was directly proportional to the amount of ATP
obtained from the degradation of the energy source. This, and other
work led to the belief that (molar growth yield per mole ATP)
was constant for all micro-organisms and equal to 10.5 (Stoutharmer,
1969). However later work questioned this and Stoutharmer and
Bettenhausen (1973) concluded that Y^^^ was not a constant for all
micro-organisms but that Y^^^ was, and had a value of 25 for micro-
ATP
organisms of average cell composition. is the constant molar
growth yield per mole of ATP, corrected for the energy of maintenance). 
This idea of maintenance energy was introduced by Pirt (I965) who 
proposed it could be calculated from the equation
1 = + 1 1.18
Y - / T -  Y
glucose glucose
where Y _ is the molar growth yield for glucose and m theglucose e j & s
maintenance energy.
25
By measuring Y at various specific growth rates in carbon - 
limited chemostats the maintenance energy can be calculated. A double 
reciprocal plot of Y a g a i n s t g i v e s  an intercept equal to 
1 and a slope of m^. Pirt suggested that the maintenance
Y ^^uco^e energy was independent of growth rate for all micro­
organisms.
Stoutharmer and Bettenhaussen (1973) thus concluded that if both 
maintenance energy and Y^ ipp were allowed for then a constant value of 
^ATP sill micro-organisms was obtained. However the recent work 
of Neijssel and Tempest (1973; 1976) has cast serious doubts on the 
idea of a constant maintenance energy. Working with K. aerogenes 
in a number of different chemostats they calculated that the 
maintenance energy may not be independent of growth rate. This
correspondingly affects thé value of Y ^ ^  . The situation is far 
from resolved and much work is currently in progress to resolve the 
question.
Although the RNA content of the cells varies with dilution rate 
as described, the DNA content does not vary very greatly (Tempest and 
Hunter, 1963).
The protein content depends on the limiting - nutrient and the 
growth rate. Robinson and Tempest (1973) found that the amount of 
protein in the cell envelope of K. aerogenes grown under sulphate - 
limited conditions was less than that when grown under carbon - limited 
conditions. The envelope formed under sulphàte - limitation 
contained only one protein of relative molecular mass 30,000, whereas 
three proteins of relative molecular mass 46,000, 36,000 and 26,000 
were found under carbon - limitation.
The cell morphology of K. aerogenes changes with growth rate.
At high growth rates the cells become more elongated ana in turbidostat 
cultures, cells three times the size of those found in chemostats may 
be obtained. (Dean and Rogers, 1967).
2ü
1.4 Microcalorimetry.
Calorimetry has been used as a scientific tool for many years, 
although in the life sciences it has not been extensively employed. 
However the advent of microcalorimetry has aroused new interest in 
calorimetry for biological research, and it promises to be a major 
analytical tool of the future. (Forrest, I968; Goldberg and 
Armstrong, 1974).
Today 'microcalorimeter' means a very sensitive calorimeter 
capable of detecting very small heat changes, usually, but not 
necessarily with small quantities of material. The microcalorimeter 
measures all energy changes which occur inside the microcalorimeter, 
regardless of the source of these energy changes. It is essential 
therefore, if the results are to be specific for a particular reaction, 
that the reagents are identified (e.g. enzyme and specific substrate) 
and a knowledge of possible sources of inaccuracy, such as impurities 
in one of the reagents, is needed. When the heat output of bacteria
is measured by microcalorimetry it is necessary to try and identify
the sources of the heat output, which may change considerably as 
growth proceeds.
1.4.1 Heat changes in biological reactions.
Energy changes in the form of heat accompany most chemical 
reactions, because there is usually an energy difference between the 
reactants and products. Calorimetry measures these energy changes 
in the form of heat.
Since most biological reactions occur in solutions or at solid/ 
liquid interfaces and at constant pressure thermodynamic differences 
between energy and enthalpy can be discounted; and so the enthalpy 
A H , can be considered as the change in energy of a reaction.
The experimentally measured heat evolution Q, during a reaction
is related to A H  by:
Q = - n A H - 1.19
where n is the number of moles of reaction taking place. The
convention is that exothermic reactions give a decrease in energy and 
A h is negative.
Where several simultaneous reactions occur the heat produced
equals the sum of that produced in individual reactions
k
Q = - I  n. A H. 1.20
o 1 3
The subscrips o - k characterise K internal processes and n^ is the 
number of moles of reaction j  and A H^ the enthalpy of each reaction 
j per mole.
Calorimetry can be a sensitive indicator of energy changes in 
biological systems, giving information about the extent and possibly 
the rates of reaction.
1.4.2 Types of calorimeter
The two principal types of calorimeter are adiabatic and heat 
conduction calorimeters.
In adiabatic calorimeters there is no heat exchange between the 
calormeter and its surroundings. The heat quantity, 'Q evolved 
depends on the temperature change and the heat capacity of the 
calorimetric system C.
Q = C A T  1.21
where A T  is the observed experimental parameter.
In the heat-conduction calormeter the heat evolved is quantitatively 
transferred to the surroundings called the heat sink. With these 
calorimeters a property proportional to the heat flow is measured.
The time integral for the heat flow equals the total amount of heat 
• released.
The microcalormeter used in this work was of the heat- 
conduction type, a detailed description of this particular micro­
calorimeter is given in Section 2.9. However many microcalorimeters 
fall into the general category of heat conduction type; these are
well described by their makers (Calvet and Prat, 1963; Benzinger and 
Kitzinger, I96O; Monk and Wadso, 1968).
All these microcalorimeters have certain common features and a 
simplified plan of the essential components is shown in Fig. 1.6. A 
large air thermostat is employed, the temperature of which is 
maintained by a separate control unit. Located in this air bath is 
a large metal block which acts as a heat sink. Located in the 
centre of the heat sink is the microcalorimeter cell which contains 
the reactants or bacterial suspension. The cell is surrounded by a 
thermopile and heat flowing from the cell to the hèat sink, or vice 
versa, passes through the thermopile. For each thermocouple the
voltage and the rate of heat flow dq^ are proportional to the 
temperature difference between the calorimeter wall and the
f sink. The relationship between and dq^ is:
dt
= c dqi 1.21
dt
where c is a proportionality constant. Ideally all heat is
transported through the thermocouple leads, therefore for all the 
thermocouples
Vp + Vp + - — — = c dq^ + c dqp + — — — 1.22
dt dt
whence V = c dQ 1.23
dt
where V is the thermopile voltage and dQ the total heat flow.
dt
In practice some of the heat flow does not pass through the 
thermocouples but through air gaps, mechanical supports etc. This 
non-recorded heat flow is proportional to the temperature difference 
between the vessel and the heat sink at the site where it occurs.
Heat flow by convection can be ignored since the difference in 
temperature between the heat sink and vessel is small. Providing 
the thermocouples are well spaced around the vessel, each part of the 
non-recorded heat flow dq^ can be associated with a certain
thermocouple and the heat flow through it. The
proportionality c can be replaced by an effective value (Wadso,1970)
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Fig. 1.6
Essential components of a heat conduction type microcalorimeter.
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which is obtained by calibration.
dq^ 4- dq^ I 1.24
dt
and thus V =C^ dQ 1.25
dt
Integration of equation 1.24 gives:
= 1 V dt 1.26
The evolved heat quantity is thus proportional to the area under 
the voltage/time curve; this may be written as:
Q = 6 A 1.27
where 6 is the calibration constant and A the area under the curve.
The calibration constant is obtained in a separate experiment, 
involving a known amount of heat. This is usually supplied 
electrically; a current of known value is applied through a heater 
of known resistance built into the heat sink block (Fig. 1.6).
The deflection recorded can then be assigned to a known heat output.
Most modern calorimeters work by taking twin principal measure­
ments to prevent disturbances from the surroundings. This is 
achieved by having two identical reaction cells adjacent to one 
another in the heat sink block (Fig. 1.6). Each cell is surrounded
by its own thermopile and the thermopiles are connected in opposition
to each other, thus one acts as a blank. Hence when the reaction 
occurs in one of the cells only a signal concerning the investigated 
process is given to the amplifier.
The principal variation in heat conduction calorimeters arises 
because of the type of reaction cell employed.
In a batch cell calorimeter the reaction vessel is split into
two separate compartments (Fig. 1.7a). One reactant is placed in 
one of the two compartments and the second reactant placed in the 
other. The batch cell is then sealed and temperature equilibrium 
obtained and a steady baseline of heat output recorded. The
Fig. 1.7a 
Typical batch microcalorimeter cell,
Fig. 1.7b
Typical flow microcalorimeter cell,
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reactants are then mixed by rotating the entire cell block (heat 
sink, thermopiles and batch reaction cell) twice (forward and then 
backwards) through 360°. A heat pulse is obtained as the reaction 
begins and goes to completion. A typical experimental curve is 
shown in Fig. 1.8a. The total heat output of the chemical reaction 
is given by the area under the curve from the time of rotation to the 
time the baseline is re-established. The mixing of two solutions
and the rotation of the batch cell causes heat effects due to heat of 
dilution and heat of friction. To overcome these problems the 
blank cell must be filled with the same volume of blank solutions.
A calibration experiment is required to establish the heat output 
represented by a unit of area.
Another type of heat - conduction type microcalorimeter employs 
a flow cell. A flow cell is essentially a coil of gold tubing of 
narrow bore and thin walls (Fig. 1,7b). 'The total volume of such a 
cell is typically between 0.7 and 1.2cm^. Two types of experiment 
are possible with a flow - through cell. In a stopped - flow 
experiment the two reactants are separately pumped into the cell and 
meet at a junction just inside the cell, they mix and react inside the 
cell. A known amount of reactants are pumped through the lines, 
then allowed to react in the reaction vessel without leaving it. The 
total heat output of the reaction is measured by the area enclosed 
under the heat output time record in the same way as for batch cell 
experiments (Fig 1.8a).
Alternatively the solutions or suspensions under study may be 
continually pumped through the flow cell at a constant rate, throughout 
the course of the experiment. Blank solutions are initially passed 
through the flow cell to establish a baseline for the heat output.
The test solution or suspension is then pumped through at the same 
rate. The heat output of such an arrangement does not follow 
equation 1.27. Since the flow of reactants is continuous some heat 
output will be measured as long as pumping is continued. For a 
chemical reaction a steady state deflection is obtained (Fig. 1.8b). 
When a bacterial suspension is passed through the cell the heat 
output will vary with time according to the stage of growth of the 
bacterial suspension in the flow cell (Fig. 1.8c). For all types 
of experiments involving continuous flow cells the heat output is 
not equivalent to the area under the heat output - time curve, as
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Fig. 1.8a
Typical voltage - time' trace of a batch or stopped 
flow experiment.
Fig. 1.8b
Typical voltage-time trace for a simple chemical 
reaction - continuous flow experiment.
Fig. 1.8c
Typical voltage-time trace of a bacterial culture as 
growth proceeds - continuous flow experiment.
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with batch cells, but may be expressed by:
_dQ = £  X  Deflection 1.28
dt
where the deflection is the difference in height between the baseline 
and the recorded heat output. Calibration of the heat response of 
flow cells is made with blank solutions passing through the flow cell 
at the same rate as in the experiment and applying a known current 
through the heaters. During a flow-type experiment it is not necessary 
to flow blank solutions through the second blank flow cell; instead 
this may be kept empty as heat effects (e.g. heat of friction) 
associated with the flowing of solution or suspension through the flow 
cell are allowed for when the baseline is established.
A special flow cell has been developed to enable alternate 
'slugs' of air and bacterial suspension to be passed through the cell 
(Monk and Wadso, 1968). 'This procedure is necessary to prevent 
oxygen becoming limiting in the flow cell when aerobic systems are 
being investigated. This type of cell was used throughout this work 
and is described in more detail in Section 2.9.
1.4.3. Sensitivity of microcalorimeters.
If heat measurements are to give meaningful results, interfering 
heat effects must be minimised. Such effects arise from a number of 
sources.
Thermal or electrical noise associated with the calorimetric 
instrumentation is one of the major factors affecting sensitivity. The 
sensitivity of the thermopiles used in heat conduction microcalorimeters 
is about 0.06 VW Resolution of the thermopile voltage can be
made to ± 6nV and this yields a resolution of thermal power of ± 1 x 
10 or 0.1 Js (Prosen and Goldberg, 1973)" In addition to 
limiting this electrical.noise, thermal noise in the heat sink can be 
minimised, and with modern instruments thermal noise is almost 
entirely eliminated. Large heat effects occur if solutions of
differing pH or ionic strength are mixed. To overcome this the 
reactants should be of similar pH and ionic strength if possible or 
separate experiments carried out to measure the heat evolved as a 
result of such differences. In most microcalorimetric work
relatively large heat outputs may result from the method of mixing of 
the reactants, e.g. in batch cells the revolution of the cell block 
causes heat of friction and in flow cells a pulse of heat is observed 
when reactants or suspensions are initially pumped through the lines.
This is one of the most difficult effects to overcome in microcalorimetry 
(Evans, 1969). The viscous heating effects as solutions are 
pumped through the microcalorimeter are a particular problem with the 
flow cell. The magnitude depends on the diameter of the flow lines 
and the flow rate and viscosity of the solutions (Honk and Wadso, 1968). 
Fortunately in bacterial studies this is not such a problem as in other 
microcalorimetric investigations and providing the viscous heating 
effects are not excessive they can be adequately overcome by 
establishing a baseline prior to commencement of the experiment.
If the walls of the reaction vessel are not completely inert to 
the solutions heat effects may arise from such interaction, e.g. 
adsorption. Flow lines made from 24 carat gold reduce such effects 
considerably and are used in most microcalorimeters.
Vapourisation of water can also cause problems in batch type 
microcalorimeters, but in flow cells it is not a problem because of 
the lack of vapour space in the cell.
Unknown interactions between chemical species in the reaction 
cell presents a problem in many types of microcalorimetric applications, 
e.g. determination of thermodynamic values, but in bacterial studies 
this is less important.
The measure of reproducibility of heat measurements in micro­
calorimetry is between 0.2 and 2% for "clean" reactions. Electrical 
calibrations have a precision of better than 0.1% (Evans et al.,
1968; Wadso, 1968). It may be concluded generally that the limits 
of error in the microcalorimetric heat measurement of chemical 
reactions is approximately ± 1%.
in bacterial cultures only populations in excess of approximately 
10'^ cells cm ^ give out sufficient heat to be recorded by a micro­
calorimeter. Below this population the heat output of the culture 
is not detectable (Beezer et al., 1974) and accordingly microcalorimetry 
can only be used for relatively concentrated bacterial suspensions.
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1.4.4 Microcalorimetric investigation of microorganisms grown in 
batch culture.
The heat evolved during bacterial growth is a result of the 
enthalpy change associated with growth. Anaerobic processes, such 
as cell synthesis are energy requiring and subtract from the energy 
producing catalobolic processes. Consequently the measured heat 
output is the sum of heat outputs of both types of reaction. For 
heterotrophic organisms the catabolic processes account for 97% of 
the heat output (Senez and Belaich, 1965; Grangetto, I965). For 
autotrophic organisms this does not necessarily apply (Dessers _e^  al.,
I97O).
Normally there is no detectable heat output during the lag 
period (Forrest and Walker, 1964), this is mainly due to the small 
inocculum normally employed and the small amount of catabolic activity 
during this period. An exception to this was found with
Zymomonas mobilis where heat was detected during the lag phase 
(Belaich and Senez, I967); this was due to the relatively high 
catabolic activity and the higher absolute level of catabolism found 
in this organism.
Forrest (I967) made comparative measurements of heat output and 
growth rate of Z.mobilis and Streptococcus faecilis. The growth rate 
was greater but the rate of heat output slower for S. faecilis than 
for Z. mobilis. This is believed to be a reflection of the different 
metabolic pathways of the two organisms i.e. the Entner - Douodoroff 
pathway for Z. mobilis and the Embden - Meyerhof pathway for 
S. faecilis.
When the exponential phase of growth is reached the heat output 
also begins to increase exponentially. The rate of syntheses of new 
cells, degradation of energy source, appearance of the products of 
catabolism and heat production may all be expressed by the same 
exponential function (Forrest and Walker., 1964; Boivinet, 1964).
. When growth is limited by the availability of the energy supply 
there is a sharp decrease in heat output when the exogenous energy 
source becomes exhausted. No heat output from endogenous metabolism 
is observable (Belaich and Senez, 1967; Belaich et al., 1968).
Alternatively the growth pha<-se may be ended by limitation of a 
constituent in the growth phase or by accumulation of toxic materials. 
Under these conditions an energy source may still be present in the 
culture and will be degraded after the end of the exponential phase. 
Typical thermograms associated with this effect show a steep, possibly 
exponential, increase in the heat output until the end of the 
exponential phase. During the stationary phase a gradual decrease in 
heat output occurs as the remaining energy source is degraded.
Eventually when no energy source remains a very small constant heat 
output is recorded, possibly associated with the maintenance
energy requirements of the cell.
The decrease in growth rate at the end of exponential growth 
means that ATP is no longer required to drive growth at a high rate. 
Growth may become partly energetically uncoupled (Senez, 1962) and 
ATP becomes available for synthesis not directly related to growth.
Hence many organisms accumulate reserve materials at this time 
(Hungate, 1963; Dawes and Ribbons, 1964). When all other energy
sources are used up these reserve materials are endogenously metabolised,
Escherichiae coli accumulates glycogen and this undergoes 
endogenous metabolism giving rise to considerable heat output over 
several hours. (Senez and Belaich, I965)- Typical thermograms
associated with this type of growth show high heat outputs during 
exponential growth; followed by a lower, nearly constant, level of 
heat output during endogenous metabolism. Eventually when all the 
storage materials are used up the heat output will decrease again to a 
very low value.
Apart from using up storage compounds in the stationary phase, 
the microorganisms may also utilise by-products of the degradation of 
the exogenous energy source as new energy sources. E. coli grown in 
glucose medium, under aerobic conditions, forms acetate during the 
exponential phase of growth which is excreted into the extracellular 
fluid. When all the glucose is consumed the acetate is used as an 
energy source (Eriksson and Wadso, 1971), this gives rise to a steady 
heat output for several hours after exponential growth has ceased.
Under anaerobic conditions the growth of E. coli in glucose medium gives
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rise to two peaks of heat output (Belaich and Belaich, 1976), the first 
peak is associated with glucose degradation and the second peak with 
the utilization of formic acid, a by-product of the glucose - degradation.
If the growth rate of microorganisms is limited by the availability 
of oxygen then the rate of catabolism changes considerably due to the 
change from oxidative to fermentative pathways; this is accompanied by 
a large change in the observed heat output (Stoward, 1962).
A direct correlation between heat output and oxygen uptake during 
growth of a number of microorganisms was reported by Cooney et al. (1968). 
The proportionality between the measured heat output and the amount of 
oxygen consumed by the culture was independent of growth rate but 
dependant on growth substrate and type of organism. Similar results 
were obtained with E. coli (Poole and Haddock; 1975).
In general the thermogram produced during the bacterial growth 
cycle depends on many parameters (e.g. medium, limiting materials, 
aeration). Providing these parameters are kept constant a
characteristic thermogram or "fingerprint" can be obtained for a 
particular strain of bacteria (Delin et al., 1969). It has been 
proposed that such fingerprints may be used for identification purposes 
(Boling et al., 1975; Monk and Wadso, 1975; Johansson et al., 1975).
The thermograms of 200 clinically significant microorganisms were 
reviewed by Russell e^ al., (1975). The difficulty in such a 
procedure is the establishment and general agreement of the nature and 
value of the constant parameters, especially between different 
laboratories.
The effect of antibiotics on the thermogram has been studied. The 
addition of streptomycin to growing cultures of E. Coli reduced the 
heat output by about half within two hours (Prat, 1965). Ampicillin 
radically affects the rate of heat output of E. coli (Delin et al. 1969). 
Binford et al. (1975) claim that by observing heat output it is 
possible to distinguish between bacteriostatic and bacteriocidal 
antibiotics much more quickly than by using conventional techniques. A 
microcalorimetric procedure has been established for the bioassay of 
the antibiotic nystatin (Beezer et al., 1977,a). The effect of 
antibiotics at different concentrations on the heat output of a
respiring S.cerivisiae culture was determined and a direct relationship 
established between heat output and concentration.
Thermograms may also be used to show when bacterial contamination 
has occurred. Bacteria present in milk(Cliffe et al., 1975), in. 
vacuum packed food (Lampi et al., 1974) and in the preparation and 
storage of frozen inocula (Beezer et al., 1977, b) have all been 
investigated by microcalorimetry.
1.4.5 Microcalorimetric investigation of microorganisms grown in 
continuous culture.
Tne tundamental Kinetic equations ol the chemostat are well
established (Section 1.5.1). However the thermodynamic equations are
not so well catalogued. Van Uden (1971) attempted to derive some basic
equations for the thermodynamics of the chemostat, and concluded that
1
the enthalpy of formation of one unit mass of cells (H bi ) growing 
in a chemostat under specific steady state conditions could be 
obtained from:-
Hbi^ = 2  i Fi® Hi^® - Z i  FiP Hi^P - Kq 1.29
where Fi , Fi are the transfer rates of a substrate and product; 
Hi^^, Hi^^ the enthalpy of formation of one mole of substrate or 
product in the aqueous solution at its steady state concentration;
Kq the specific heat output and D the dilution rate.
Van Uden postulated that the flow microcalorimeter could be used 
to determine and hence, since the other parameters could be 
calculated, it would be possible to calculate directly the enthalpy 
of formation of bacterial cells.
The use of a flow microcalorimeter to measure the specific heat 
output of chemostat cultures, however, presents several problems. 
When the culture from a chemostat is pumped into a microcalorimeter 
cell the measured heat output is invariant with time providing the 
flow rate to the microcalorimeter is constant and the steady state 
of the fermentor is maintained.
àz. o
There is a minimum flow time between bacterial cells leaving 
the fermentor and entering the microcalorimeter cell. The measured 
heat output is thus that of the bacteria respiring in the micro­
calorimeter cell and not that of cells in the fermentor. Generally 
the measured heat output is less than that occurring in the fermentor.
This flow time between microcalorimeter and chemostat is 
dependant on several factors. Firstly the flow rate into the micro­
calorimeter cannot exceed the rate of flow of fresh medium into the 
fermentor. If it does then a steady state cannot be maintained in 
the chemostat, (it is not advisable to recirculate cells back into 
the fermentor after flowing through the microcalorimeter since these 
cells will be growing at a different rate to those in the fermentor 
and will disturb the steady state conditions). Secondly the flow rate 
into the microcalorimeter is limited by the design of the micro­
calorimeter cell; thus cultures cannot be pumped through the current 
commercially available flow cells at much more than 50cm^h Faster
flow rates cause baseline drift. Finally there is a minimum
distance through which the flowing culture must pass. This is made up
of the distance between microcalorimeter and chemostat, the heating 
coils of the microcalorimeter (located in the thermostated air bath) 
and the flow lines in the cell block,
, Combined, these factors result in a flow time of the order of
several minutes, generally five or six minutes is the minimum flow time.
Eriksson and Holme (1973) established the problems associated with 
flow times of this order. The chemostat culture is limited by one 
nutrient, this means that in the flow line between fermentor and micro­
calorimeter the concentration of this limiting nutrient will change 
and may even become zero. The growth rate will thus alter and the 
steady state of the fermentor is unlikely to exist by the time the 
culture enters the micro-calorimeter cell. If the organisms are 
aerobic then changes of oxygen tension in the flow line will intensify 
these problems. Eriksson and Holme (1975) concluded that the use of 
a chemostat/flow microcalormeter combination was not practical but 
that the use of a turbidostat (in which the population density is not 
maintained by limiting the nutrients) and a flow microcalorimeter could 
yield useful results.
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The combination of a turbidostat with a flow microcalorimeter was 
initially documented by Brettel et al, (1972) for investigating the 
growth of the yeast S. cerevisiae. At dilution rates where glucose
was only metabolised by oxidative degradation the specific rate of 
heat output (^/x ) could be described by:
Q = 0.26 __J_ 
)( hx
+ 6.52 J 1.30
where J is the measured heat output in time h and the growth rate,
Q/^ increased linearly with the growth rate (Brettel 1977)- 
The first term in the expression for ^/x is believed to be due to 
energy of maintenance and the second due to cell growth.
Attempts have been made recently to overcome the problems of 
combining a chemostat with a flow microcalorimeter. Cardoso-Duarte 
£t al (1977), working with a respiration - deficient mutant of 
S. cerevisiae, proposed a new method for converting heat production 
rates in the microcalorimeter cell into heat production rates in the 
fermentor. The rate of decay of glucose, the growth limiting nutrient, 
was measured at various times, up to a time corresponding to the flow 
time between fermentor and microcalorimeter, in a separate experiment. 
Glucose decay was exponential in the flow line and a glucose decay 
constant, K, was obtained. The rate of glucose consumption, K^, in 
the microcalorimeter cell could be represented by:
K = V K S 
c c eq 1.31
where V is the volume of the microcalorimeter cell, and S the 
c eq
equivalent concentration of glucose (mean of the glucose concentration 
flowing in and out of the cell) which existed at an equivalent flow
time, t
eq
this time can be calculated from equation 1.32.
eq = 1 
K
In VcK
e-K tin . e - ’^ h u t
1.32
where f is the flow rate between microcalorimeter and fermentor and t^^
and t . are the flow times in and out of the cell from the fermentor. out
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The rate of heat production q may be expressed by:
c
Ac = Kc ( -  A H) 1.33
in which A H is the enthalpy change when one mole of glucose is
consumed by the population.
The rate of heat production per unit cell volume, q, can be 
obtained using the equation:
In q = In (K ( - A  H) ) - Kt^^ 1.34
where S is the initial substrate concentration, 
o
Hence by varying the flow rate, f, and plotting In q against 
the calculated t^^ values a straight line v/as obtained. A H was 
calculated from the intercept from a knowledge of K and Sg.
The method presented assumes that the various thermodynamic 
quantities considered have the same value in the microcalorimeter 
cell as in the fermentor. This, as noted by the authors, is 
probably incorrect since the population in the fermentor is at a 
steady state but that in the microcalorimetry cell is in a transient 
physiological state. Whether this problem causes a significant error 
is difficult to establish.
Furthermore the method is strictly applicable only to an 
organism not requiring oxygen for growth. Aerobic systems cause 
further problems and the variation on measured heat outputs with 
oxygen tension would have to be allowed for.
To date, no one has succeeded in combining successfully a flow 
microcalorimeter and a chemostat of aerobically - respiring organisms.
1.4.6 Other applications of microcalorimetry.
The last two sections dealt with the use of microcalorimetry in 
various experiments involving the growth of microorganisms. However 
the technique also has applications in other spheres of biological 
interest.
4C
Microcalorimetry has been successfully used as an assay for urea 
in urine(Brown et al., 1968). The heat output was measured when urea 
and urease (extracted from Jack Beans) were mixed together in a batch 
microcalorimeter. Similarly the amount of glucose present in human 
serum and plasma was investigated by measuring the heat output when 
glucose was converted to glucose-6-phosphate in the presence of 
hexokinase (Goldberg et al., 1973) The advantage of the micro- 
calorimetric technique is that a specific substrate can be analysed for 
in a complex mixture.
Enzymes can also be assayed in complex media if pure substrates 
are obtainable. Batch microcalorimetry has been used to estimate the 
activity of glucose oxidase, cholinesterase, alkaline phosphatase, 
lactic acid dehydrogenase and ATP ase (Brown and Pennington, 1969;
Monk and Wadso, 1969). Inhibition of enzymes by various compounds may 
be investigated by observing the changes in heat output which occur 
when an inhibitor is added to an enzyme - substrate system. The 
inhibition of cholinesterase was investigated by Konikowa and Wadso 
(1971) and Beezer and Stubbs (1973). Quantities of metal ions as low 
as 10 moles were detected by their ability to inhibit enzyme/substrate 
reactions (White et al., 1968) and thereby affect the associated heat 
output.
Microcalorimetry has also been used in the field of immunochemistry. 
Jordan and Jesperson (1972) have shown that accurate thermodynamic data 
may be obtained in a wide variety of antigen - antibody reactions.
Kemp (1972) showed that the reaction between muscle fibroblasts and 
anti-fibroblasts serum could be resolved into two parts. Initially 
heat was evolved, probably due to binding of the antibody, but this 
was followed by a slow reaction which absorbed heat.
The heat output of erthythrocytes metabolising energy sources such 
as glucose has been investigated. The results have been used to 
characterise various types of anaemia, such as sickle cell disease 
(Boyo and Ikomi Kumm, 1973). The heat production of erythrocytes 
from hyperthyroid patients decreased as the production of thyroid 
hormones decreased during treatment (Monti and Wadso, 1976).
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The heat output of growing tissue cells has recently been 
investigated by Kemp (1977)• Chick fibroblasts in suspension were 
found to be sensitive to classical metabolic inhibitors, despite 
baseline problems, due to the passage of relatively bulky cells.
1-9* Objectives of project.
There were two main objectives of this project. Firstly an attempt 
was made to measure the heat output of chemostat cultures by the use 
of a flow microcalorimeter. Previously this has not been possible 
because of the difficulties associated with combining a chemostat and 
a flow microcalorimeter and measuring a heat output which is believed 
to be representative of that from the cells in the fermentor. A 
major part of this work was therefore concerned with developing a 
suitable technique for combining the chemostat and microcalorimeter and 
the building of equipment to use them as a combination.
The second objective was to investigate the effect of different 
growth conditions and variables arising from the experimental 
technique on the measured heat output of batch cultures of K. aerogenes. 
By measuring other environmental parameters, such as pH, oxygen 
tension, biomass and the glucose and ammonia concentrations, at the 
same time as the heat output, it was hoped that a picture could be 
built up of the processes occurring during the growth of K.aerogenes. 
Ultimately it was hoped that certain heat output levels which 
appeared in the thermograms could be attributed to a known reaction 
or group of reactions in the metabolic pathway.
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CHAPTER 2
EXPERIMENTAL TECHNIC UES
4 y
2.1 Sterile Techniques.
Contaminated glassware was sterilised by autoclaving for 30- minutes 
2
at 19 lb/in ; it was then cleaned in tap water, rinsed several times in 
distilled water and finally dried and sterilized in an oven at l60'C. 
Culture tubes, flasks, pipettes and fermentors were plugged with cotton 
wool and either placed in a tin or wrapped in paper prior to autoclaving 
at 15 Ib/in^ for 30 minutes.
Tne air supply used for aeration of the bacterial culture was 
provided by an air pump. The air was cleaned by passing through an 
activated charcoal filter and sterilised by passing through a sterile 
'Microflow* bacterial filter.
Solutions of culture media were sterilised in the culture vessels
2
by autoclaving at 15 lb/in for 30 minutes. The glucose solutions were 
sterilised separately and then added aseptically to the rest of the 
media.
The polypropylene tubing used to connect the culture vessel and 
the microcalorimeter was sterilised by pumping a 1% formalin solution 
through the system, this was followed by passing sterile distilled water 
through for 1 hour. The ends of the tubing were then aseptically 
transferred to the culture vessel. The time taken to sterilise the 
tubing was varied according to the pump rate, but was typically 1 hour 
for formalin and water at a pump rate of 12cm^h and 30 minutes 
for each at a pump rate, of 40cm h
2.2 Maintenance of Klebsiella aerogenes Culture.
The 'parent* culture of Klebsiella aerogenes was maintained by
monthly sub-culture in nutrient broth. A daily subculture in
synthetic media was also maintained to provide relatively young cells
•2
at all times. The daily subcultures were grown in 25cm'" of 
 ^ culture medium, contained in a boiling tube, at 3'/0 with vigorous 
aeration.
Most of the work was carried out using cultures the growth of 
which was limited by exhaustion of the glucose. However the cells
were also trained to grow under nitrogen limiting conditions and in
the presence of glycine by.daily subculture, under the required 
conditions.
2.3 Preparation of culture media.
Four different media were used, the composition of which are shown 
in Table 2.1.
T^e carbon-limited media was based on that described by Dagley 
and Hinshlewood (193S). The potassium hydrogen phosphate, ammonium 
sulphate and magnesium sulphate salts were dissolved together and the 
pH of the solution adjusted by the addition of concentrated sodium 
hydroxide to 7.0. This solution was then sterilised by autoclaving and 
then aseptically mixed with a sterile glucose solution at the ratio of 
4 parts mixed salts solution to 1 part glucose solution (by volume).
The concentration of the glucose solution was varied so that the 
final glucose concentration was in the range 0 2g dm
The nitrogen-limiting medium was prepared by fixing the glucose 
concentration at 2g dm  ^ and varying the ammonium sulphate 
concentration in the range 0 — > O.lg dm However this reduction
in ammonium sulphate also caused a loss of sulphate ions in the media, 
this was overcome by adding potassium and sodium sulphates so that 
each salt provided half the required sulphate ions to make up the 
deficiency. Thus the sulphate concentration was the same as for the 
carbon-limited media and the potassium/sodium balance of the media was 
not altered greatly.
Glycine was used as the nitrogen source in the third medium. 
Glucose provided the carbon source and sodium and potassium sulphate 
were added to make up for the reduction in sulphate concentration 
caused by the loss of ammonium sulphate.
The final mediuin used, contained glycine both as the nitrogen 
and carbon source with sodium and potassium sulphate making up the 
sulphate concentration.
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When chemostat cultures of K. aerogenes were grown in carbon- 
limited media foaming occurred. To overcome this polypropylene glycol 
2G25 at a concentration of C.25g dm was added. The effect of 
addition of an anti-foaming agent is discussed later (Section 3.1).
2.4 Estimation of Bacterial Mass.
The bacterial mass was measured spectrophotometrically using a 
Unicam SP600. The absorbance of the bacterial suspension was 
measured at 623nm in a 1 cm path length glass cell against a blank 
of distilled water. Calibration curves of dry weight of organism 
(mg cm "’) against absorbance were constructed. A large volume of
culture was grown in carbon-limited medium(glucose concentration 
= 2.Cg dm ^) for 24 hours at 37^» The suspension was centrifuged,
the cells washed twice with distilled water and finally suspended in 
sufficient water to give an absorbance of 1,0. lOcm^ aliquots of this 
suspension were dried to constant weight to determine the dry weight of 
the organism. The remaining suspension was then diluted volumetrically 
and the absorbance of a sample of each dilution was measured. A 
typical calibration curve (Fig. 2.1) shows a linear relationship between 
absorbance and weight of organism up to an absorbance value of approx­
imately 0.6.
It is important to note that the calibration curve applies only to 
'st.andard' 24 - hour cells grown under the above conditions. In other 
cases the dry weight determined refers to the number of 'standard' cells 
having the same absorbance as the test sample and not necessarily the
real dry weight of organisms present. This problem has been 
investigated by Dean and,Rogers (1967) who showed that 10 cells of 
K. aerogenes grown under a variety of conditions have an equivalent dry
weight of 11-3 to 12.9 nig.
In batch culture experiments the dry weight was constantly 
monitored by circulating culture from the fermentor at 400cm^ h ^ 
through a flow cuvette (in S.P. bCC) and back into the fermentor. This 
circuit (Fig. 2.2) also contained electrodes to measure the oxygen 
tension and the pH of the culture.
53
Fig. 2.1
Calibration curve for the determination of the biomass 
of bacterial suspensions of K. aerogenes.
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Fig. 2.2
Early method used in batch growth experiments.
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111 continuous culture corplcs v/oro collected from the fermentor 
overflow for adsorbsnce measure ,:ents and hence biomass.
2.i I.ea'-^ uremerit of pH.
In batch culture, the pH was recorded by circulating the culture 
medium -it 4vOcm^ h " (?ip 2.2) thrcur.h a micro-combinat ion pH electrode 
(.HEL ll'iCHüO). The electro.'e uas sleeved so that only a small sample 
volume surrounded the electrodes.
In continuous culture, samples were collected from the fermentor 
overflow and the pH measured using a Pye Unicam 290 pH meter.
2.6 Measurement of Oxygen Tension.
In batch culture, the oxygen tension of the culture medium was 
measured by circulating the culture medium at 400cm^h ^ (Fig. 2.2) 
through an Ell 1521 oxygen electrode maintained at The electrode
was sleeved so that only a small sample volume surrounded the electrode. 
The small volume and high pump rate prevented oxygen depletion across 
the membrane. The oxygen electrode was calibrated by pumping water, 
saturated with air, through the flow system at the experimental.pump 
rate and adjusting the reading to give the 100# value (i.e. Ib6 mm Hg); 
the zero reading was obtained by saturating the electrode in a 5# (w/v) 
solution of sodium sulphite.
In continuous culture, the oxygen tension of the culture was 
meausred using a Western Biological Instruments (W.B.I) oxygen electrode, 
placed in the fermentor. The oxygen tension was recorded as a voltage 
on a digital voltmeter. The calibration curve for voltage output 
against percentage dissolved oxygen was obtained by placing the 
W.B.I. electrode and the EIL electrode in water saturated with air 
thermos tat ted at 5/C. Sodium sulphite was added and as the o:{ygen in 
the solution was consumed the voltage output of the W.B.I. electrode 
was compared with the percentage oxygen reading of the EIL electrode.
It was necessary to calibrate the W3I electrode weekly.
2.7 Determination of Glucose Concentration.
The method employed was a modified version of the method proposed 
by Dubowski (1962).
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A G% (v/v) solution of freshly dir.tillcd o - toluidene in glacial 
acetic acid was prepared. Samples containing glucose were pre-diluted 
so that the glucose concentration was in the range of the calibration 
curve i.e. less than C.3mg cm . Icrrr of the diluted sample was added 
to 4crrh of the o-toluidene reagent in a test tube. This was stoppered, 
and mixed well. The tubes were then boiled in a water bath for 
exactly 15 minutes. After cooling the absorbance of each solution 
was measured at a wavelength of 630nm, on a F.S. 124 spectrophotometer, 
against a blank of distilled water which had been similarly treated.
A typical calibration curve (Fig. 2.3) was prepared by using 
standard solutions of glucose in the range C.C5 - 0.3Cmg cm ". It was 
necessary to re-establish the calibration curve for every set of analyses, 
because the o - toluidene reagent darkened with age.
In batch culture, samples were obtained by passing the culture 
flowing out of the microcalorimeter through a heated copper tube 
maintained at yC - SdC. This treatment was sufficient to kill the 
organisms and prevent further glucose utilisation. Samples were
collected in a fraction collector, (Fig. 2.2) centrifuged, and the 
clear extra-cellular fluid analysed as above.
In continuous culture, samples were collected from the fermentor 
overflow and immediately placed in a boiling water bath to prevent 
further growth. After centrifuging the samples were treated as above.
The glucose concentration of the samples could be estimated with an 
accuracy of ± 0.003 mg cm The method may also be used for the 
determination of aldohexoses.
2.8 Determination of Ammonia in j.xtracellular Fluid.
Theory: Ammonia gas is readily soluble in water, becoming partially
ionised to form an alkaline solution:
NHj + E^O ^  + oh'
The extent of ionisation depends on the pH of the solution. Below pH 7, 
the ammonia is present almost entirely as ammonium ions, whilst at pH 12 
and above it exists nearly all as free ammonia.
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Fig. 2.3
Calibration curve for the determination of the glucose 
concentration by the o-toluidene method.
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Met hoc : To c etcriine a :nonia quantitatively an aiiimcnia sensing
electrode, the TIL Ammonia Irobe, model no. 8002-2, was used. Since 
tills probe only responded, to free ammonia, all solutions were adjusted 
 ^ to pi: 12 or above before any measurement.
A calibration curve, was prepared using standard ammonium chloride
-1
sol'-hions. These were adjusted to pi I 12 by the addition of l.C mol dm 
sodium hydroxide solution and the electrode dipped into the stirred 
solution. The response was read on the millivolt scale of a Fye Unicam 
Model 290 pH meter. A typical calibration curve is shown in Fig.2.4.
It' was necessary to recalibrate the probe weekly and change the 
membrane every three months.
The probe showed a Herstian response to ammonia in the range O.bmg dm ^ 
to lOOCmg dm
To determine the ammonia concentration in a bacterial suspension 
the following technique was used:
2cm^ of 1.0 mol dm sodium hydroxide was added to lOcm^ of
bacterial suspension. The probe was then placed in the stirred
solution and the emf recorded. The ammonia concentration was then 
read from the calibration curve. Allowance was made for the dilution 
caused by the addition of caustic soda solution.
Batch culture samples were obtained from the culture flowing out 
of the microcalorimeter after passage through the heated copper coil 
(Fig. 2.2).
Continuous culture samples were obtained by collection of the 
overflow culture which was immediately immersed in boiling water to 
prevent further growth.
Test solutions of ammonia showed that the probe was accurate to
± 2%.
r.2
Fig. 2.4
Calibration curve for the determination of ammonium 
concentration using the EIL, NHj; electrode.
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2.9 The Flow Microcalorimeter.
An LKB 10700/1 flow microcalorimeter was used. The micro­
calorimeter was fitted with an aerobic steel cell (.Fig. 2.5), of volume
'Z /
1.2cm©, which eliminates thermal fluctuations associated with the 
passage of air bubbles through a conventional flow cell (Monk and Wadso, 
I96F). Fig. 2.6 shows the thermostatic bath, calorimeter unit and 
control unit of the microcalorimeter. An empty, standard flow - 
through cell was used to balance the aerobic cell.
576 was chosen as the environmental temperature to measure the 
thermograms, accompanying the growth of /.aerogenes.
A suitable heat response was obtained with the amplifier unit on 
the ICC or 3C juV range. The recorded voltage output must first be 
converted to a heat output. This calibration was achieved by passing 
fresh medium at 37^ through the microcalorimetric cell under the same 
conditions (i.e. flow rate) as to be used to establish a stable base­
line. An internal current of 2.0 to 3.CmA was then applied to a 
standard resistance embedded in the cell block for 30 minutes; this 
produced a steady heat evolution and hence a constant voltage output.
The difference in height between the constant output and the baseline 
was equivalent to a known amount of heat, calculated from the applied 
current and known resistance of the internal heater. It was thus
possible to obtain a calibration factor and convert the measured 
voltage out%'Ut to rate of heat output (Js or W). Typically it was 
found that l^Vf I.56 x 10"^J s'^.
In many cases the specific heat output, i.e. heat per gram of 
organism per minute, was calculated. This parameter was calculated 
using the following equation:
Specific heat output = Heat output (J s ^) x 6C______
Biomass g.cm x vol. of aerobic cell.
2.10 Growth in chemostat.
v/hen K. aerogenes was grown in chemostat cultures the heat output 
was recorded and the pH, oxygen tension, biomass, ammonia and glucose 
estimated at regular intervals., Two different experimental arrange­
ments were used.
9 3
Fig. 2.5
Aerobic steel cell used in the flow microcalorimeter.
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Components of the LKB IO7OO/I flow microcalorimeter,
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2.10.1 Ohemostat Design and Operation for Early Experiments.
'The ferrcentor used for chemostat culture v;as specially designed
l?ig. 2.7). It was an'inverted 2$0cm^ conical flask with a sintered
glass disc (porosity 3) sealed in the neck. The neck of the flask was
drawn rut: and attaclicd onto an Pmrn bore glass tube, through which was
punned sterile air (3 dm^ min to provide adequate aeration and
stirring of the culture. A thick walled capillary tube was blown
into the side of the vessel to provide the overflow from the fermentor.
%
The vessel had a working capacity of l60cm . The base of the flask 
carried four portholes. î'resli medium was pumped into the ferrnentor 
via tne central porthole, which was sealed with a rubber teat. The 
other portholes were of equal size and were spaced around the perimeter 
of the base. Through one of these portholes was inserted the VQI 
oxygen electrode, a second porthole carried the flow line to the 
microcalorimeter and the third was used for inoculation and sampling.
The ferrnentor was placed in a water-bath maintained at 3/G. The 
overflow culture was collected in a reservoir containing lysol to kill 
the organisms. The components of the chemostat and ancillary equipment 
are shown in Fig. 2.8.
A 1C dm"^ aspirator was used as the medium reservoir. An outlet 
for medium was provided at the base of the aspirator through a capillary 
tube sealed with a rubber bung. The top of the aspirator was sealed 
with a rubber bung through which glass tubing of three different sizes 
passed. The narrowest (a) was a capillary tube which ran to the bottom 
of the aspirator and ensured that the air pressure was constant through­
out the aspirator, whatever the level of media contained inside. A 
glass wool and cotton wool filter was attached to this tube to prevent 
contamination by airborne organisms. Media (not containing glucose)
was placed in the reservoir which was then sterilised by autoclaving.
Tlie medium - sized glass tube (b) was connected to a vacuum pump and by 
reducing the pressure in the aspirator the required amount of glucose 
was added through the largest bore glass tube (c). After filling, tubes 
b and c were sealed off to the air. The addition of glucose was 
preferably done while both solutions were still hot. Contamination of 
the reservoir was rare and then only one month after preparation.
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Fig. 2.7
The chemostat ferrnentor,
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Fig. 2.8.
The early method used for chemostat experiments.
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Media was pumped from the reservoir at a constant rate into the 
ferrnentor by means of a variable speed peristaltic pump. The dilution 
rate was altered by varying the speed of the pump.
Tlie heat output of the chemostat cnlture v/as monitored by pumping 
culture out of the ferrnentor at 40cm^ h ^ by means of a peristaltic pump 
into the microcalorimeter. Air was introduced into the flow line by 
means of another peristaltic pump and a Y-piece. Flow to the micro­
calorimeter v/as continuous and after passing through the aerobic cell the 
culture went to waste. As explained previously (Section 1. 4.5) the rate 
of flow of fresh medium into the ferrnentor had to exceed that at which 
the culture was pumped into the microcalorimeter. Therefore, only 
dilution rates of C.25 h ^ and above were possible.
A.ll connections between the microcalorimeter and the ferrnentor, 
and the ferrnentor and the reservoir were made with thin polypropylene 
tubing and all lengths were cut down to a minimum.
To measure the heat output of a culture growing in the chemostat 
the following procedure was adopted. Sterilised medium was pumped
into the ferrnentor until it was full and medium began to overflow through 
the capillary side arm. The flow rate of fresh medium was then adjusted 
to a typical dilution rate (approx D = 0.5h ^). The medium in the 
ferrnentor was aerated at 3dm^ min Pumping of medium to the micro­
calorimeter was commenced and a stable baseline for the heat output obtained. 
All pumping was stopped and the ferrnentor inoculated with 1cm/ of l8h 
cells grown at 5"/C in media of the same composition as the experimental 
media. When the exponential phase of growth had been reached the
pumping of fresh medium and of culture to the microcalorimeter was 
recommenced.
The dilution rate was calculated by collecting the overflow culture 
for 1 hour and adding this volume to that pumped through the micro­
calorimeter (40cm^ h“^). When a steady state was reached a steady heat 
output was obtained. The dilution rate was then altered and a new
heat output obtained. Normally dilution rates were varied in the
_1
range C.25 — > C,?Ch .
7:7
The oxygen tension was monitored by the V/3I electrode in the 
ferrnentor. Glucose, ammonia, p:I and biomass estimations were made on 
samples collected from the overflow tube.
At the end of the experiment the baseline was re-established by 
the addition of formalin to the ferrnentor.
2.10.2. Development of a New Technique to Measure the Heat Output 
of Chemostat Cultures.
The method described above to measure the heat output of the 
chemostat cultures suffers many of the problems discussed in Section 
1.4.5» As shown in Section 1.4.5 the flow time from ferrnentor to micro­
calorimeter should be kept to a minimum.
The previous arrangement had a flow time of six minutes from 
ferrnentor to aerobic cell; this was considered to be too long, and so 
a new method was developed which shortened the flow time to about one 
minute.
The fermenter used was very similar to that employed in the early 
experiments except that the capillary side arm was removed. Fig. 2.9 
shows the new experimental layout. The volume of culture in the 
ferrnentor was kept constant (normally I60cm^) by fixing a polypropylene 
tube (1.2mm diameter) at a set height inside the vessel.
This tube was connected to a variable speed peristaltic pump and 
culture in excess of the required volume vras sucked out to waste or 
collected as samples for biomass determination. Fresh medium was 
pumped, through a coil of polypropylene tubing located in the air bath 
of the microcalorimeter, into the ferrnentor by the same variable speed 
peristaltic pump. The coil pre-heated the medium before entry into 
the ferrnentor. The dilution rate of the chemostat could be varied by 
changing the speed of the peristaltic pump. Both the overflow 
culture removal tube and the fresh medium supply entered the ferrnentor 
through the central porthole which was sealed with a rubber teat.
7Fig, 2.9
The later method used for chemostat experiments,
O'( f
MEDIUM
RESERVOIR
^FO R  BIOMASS DETERMINATION
VARIABLE
SPEED
PUMP AIR
■ OXYGEN ELECTRODE
HEATER
UD
FERMEE TORUfiiCQ)
PRE HEAT COIL
CALORIMETER
CELLAIR BATH
FIXED 
■rate PUMP
WASTE
78
A hole \'/as cut into the lid of the microcalorimeter airbath to 
accommodate the ferrnentor. 31ue-tac (Bostick Ltd) was used to seal 
the space between the sides of the hole and the ferrnentor. Aeration 
of the medium in the ferrnentor caused the temperature of the medium to 
be lower than that of the air thermostat (pfC). This was mainly 
due to heat losses through the top of the fermentor and to heat of 
vapourisation of the liquid medium. To overcome these problems and
maintain the temperature of the growth media at T'/’C a small heater was 
inserted into the ferrnentor through one of the portholes. A 3 watt - 
IB volt - light bulb was sealed inside a glass tube and its resistance 
varied by a rheostat until the media was maintained at 3/C. With 
adequate cotton wool lagging it was possible to maintain the contents 
of the fermenter at 37^ G ± O.zTO for periods up to 72 hours.
Tie culture was pumped from the fermentor into the microcalorimeter 
at a constant rate of 40cm^ h ^ by a peristaltic pump and thence to waste. 
The flow line was not aerated. This imposed a minimum dilution rate 
y. of C.25h on the operation of the chemostat. The culture was pumped 
straight into the cell block of the microcalorimeter and did not pass 
through the heat exchange coils of the air bath.
placing the fermentor as close as possible to the microcalorimeter 
cell, and by pumping at a relatively high rate through a short distance 
it was possible to detect a heat change within one minute of cells 
ieavin.' the fermentor.
All connections between fermentor and the microcalorimeter, and 
between components of the chemostat were made with thin polypropylene 
tubing (i.d. 1.2mm) and kept as short as possible.
Experiments using the new arrangement were carried out as follows.
The portholes of the fermentor were plugged with cotton wool and 
covered with metal foil. . After sterilization the fermentor was sealed 
into the hole in the microcalorimeter lid. ' The flow lines, oxygen 
electrode and electric heater were sterilised before being aseptically 
inserted into the fermentor.
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Tl'.e fermentor was f'.en filled v.’ith sterile medium and aerated; 
!::e(;ium was purnpec: into tl.e microealori.motrr (40cmhh until a stable 
baseline was established, at a sensitivity settin:; of ICO or pC ^V, 
for a period of at least 1 hour, 'All pumping was then stopped and the 
fermentor inoculated. A lye inoculum of iPh cells grown under the
same conditions was used. when the culture was in the exponential 
growth phr.se pumping of fresh medium and pumping of culture into the 
microcalorimeter was resumed. './hen steady state conditions had been 
established, as revealed by a constant voltage output (heat output) 
and oxygen tension, the heat output '/as measured. The steady state 
was then changed, by altering the dilution rate and when the new steady 
state 'aas established, the new heat output measured. At the end of
the experiment the baseline was checked by pumping cells killed with 
formalin through the microcalorimeter cell.
The dilution rate was measured by collecting the culture removed
from the fermentor by the variable peristaltic pump for 1 hour and 
adding this volume to the volume of culture (4Ccm^ h ^) pumped from the 
fermentor into the microcalorimeter per hour.
At each dilution rate the oxygen tension and biomass were 
recorded.
2.11 Growth in Batch Cultures.
When K. aerogenes was grown in batch culture the heat output, pH, 
oxygen tension and biomass were recorded and glucose and ammonia estimated 
at regular intervals. Two different experimental arrangements
were used.
2.11.1 Early experiments.
Fig. 2.2 shows the experimental arrangement which was similar to 
that used by Eriksson and Wadso (1971). 600cm^ of media was sterilised
in a 1 dm"^  conical flask together with the air line and magnetic 
stirrer.
s o
Sterilisation of media and the air was carried out as previously
described. The fermentor was maintained at 37^  ^in a water bath.
-2.
The medium was aerated at a rate of Idirl rain and stirred by a 
magnetic stirrer. Media was pumped into the microcalorimeter at
X _i
12cmh h by a peristaltic pump. Air was introduced into the flow 
line by means of a Y piece and another peristaltic pump, in an attempt 
to redrco oxygon depletion in the flow line. Tlie flow line was thin 
sterile polypropylene tubing (1.2mm i.d.).
With the medium/air mixture flowing through the microcalorimeter 
a stable baseline was obtained. The fermentor was then inoculated
T
with 40cm^ of bacterial cells grown for l8h at yjZ in the same media as 
that being used for the experiment. This relatively large inoculum
was used to shorten the lag period before growth commenced. The heat 
output of the growing culture was monitored continuously. After 
passage through the microcalorimeter the culture was passed through a 
copper tube maintained at 70 - 80C to kill the organisms. Samples 
were collected with a fraction collector every 30 minutes and they were 
used for glucose and ammonia analysis (Section 2.7, 2.8).
The biomass, pH, and oxygen tension were also recorded as growth 
proceeded by circulating culture at 4CCcm/ h ^ by means of a peristaltic 
pump, as previously described (Section 2.4, 2.5, 2.6).
Batch culture experiments lasted for up to 48 hours depending on 
the medium used. At the end of the.experiment formalin was added (to a 
final concentration of 1^) to the fermentor to kill the organisms.
The dead culture was pumped through the microcalorimeter to re-check the 
baseline.
2.11.2 Development of the Mew Experimental System for Batch Culture 
Work.
The particular problems associated with connecting a chemostat to 
a microcalorimeter and obtaining meaningful results have been discussed 
previously (Section 1.4.5). To a certain extent many of these problems 
are also met in batch culture work.
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vu.rly expv ri monta] act-ny nnod for batch culture has a number 
of deficiencies.
a) Inadequate aeration of the ferrnentor:- Cnee growth had commenced 
the oxygen tension in the fermentor quickly fell to zero in many of the 
batch experiments. This meant that further growth was proceeding 
under anaerobic conditions.
b) The mechanical stirrer was not very effective and contributed 
further to the lack of oxygen in the fermentor.
c) The flow time of the culture to the microcalorimeter was 15 - 20 
minutes. This period meant that the heat output measured at a
particular time was somewhat removed from other parameters (pH, oxygen
tension and biomass) measured at that time. More importantly, the 
oxygen supply was almost certainly used up by the time the organisms 
reached the microcalorimeter cell and it was doubtful that the air 
introduced into the line fully overcame this.
In view of the difficulties an attempt was made to adapt the
fermentor and technique developed for chemostat cultures for use in 
batch culture experiments.
The portholes of the fermentor were plugged with cotton wool and
covered with aluminium foil. After sterilisation the fermentor v/as
y
sealed into the hole cut in the microcalorimeter lid. 150cm^ of 
sterile median was aseptically added to the fermentor. The electric 
heater and V/BI oxygen electrode were inserted and the aerated medium 
maintained at 37’C. Medium was pumped from the fermentor through the 
microcalorimeter cell at 40cm^ h”^ and was then recirculated back to 
the fermentor. As in the chemostat experiments the flow-line was
not aerated, and it did not pass through the heating coils of the 
microcalorimeter air bath. This enabled the flow time between 
fermentor and microcalorimeter to be reduced to about 1 minute.
when a stable baseline had been obtained for at least one hour 
the fermentor was inoculated with a inoculum of l8h cells grown under 
the same conditions as those of the experiment. The heat output and
oxygen tension were recorded as growth proceeded.
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At the end of the experiment formalin was added to the fermentor and 
the baseline re-established.
2.12 Mi croelectrophoresis.
Polypropylene glycol 2025 was added to the medium used in chemostat 
work to prevent excessive foaming.
A simple microelectrophoresis experiment was carried cut to
determine the effect of the anti-foaming agent on surface properties of
the bacteria.
It is not intended to give a detailed account of the theory and 
practice of microelectrophoresis here. Such information can be
obtained elsewhere (e.g. Chapman 1976).
Briefly, the mobility was calculated by the use of two equations:-
K ^ =  \ T s x t x I  V = K ^ x n x G
n X  G t X  I
where = cell constant
t = average time to cross n squares on grid
G = conductance
I = current,
n = no. of squares crossed
£ = standard constant for K. aerogenes
\? = mobility.
A culture of K. aerogenes was grown in a glucose limited chemostat
-3(glucose Ig dm"-^ ) with 0.23cm" dm”"' polypropylene glycol added to the 
medium. Cells were washed and suspended in buffer solutions of pH 5,
7 and 8. Cells grown in a chemostat without anti-foam were similarly 
treated.
The cell constant was measured using K. aerogenes grown in nutrient 
broth at 37"C for l8 hours and suspended in a buffer solution of pH 7-
The mobilities of all cells were measured at lOC.
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3*1 The effect of antifoaming agent on the surface properties
of cells of K. aerogenes.
Cells of K. aerogenes were grown in glucose limited media in the 
presence of antifoaming agent (section 2.12) and in media not 
containing the sintifoaming agent. The mobility values of washed 
cells from each culture were measured (Table 3-1)•
There was no significant difference between the mobility values 
of cells grown either in the presence or absence of the antifoaming 
agent. This indicates that there was no major change, at least of 
the surface properties, of cells grown in the presence of polypropylene 
glycol. In view of this 0.25cm^ dm ^ polypropylene glycol 2025 was 
added to media used for all chemostat work; this was the minimum 
concentration which prevented foaming.
3.2 Growth of K. aerogenes using the early experimental arrangement.
K. aerogenes was grown in each of three carbon-limited chemostats
------------- -3
with glucose concentrations of 1.5, 1-0 and 0.5g dm
The heat output, oxygen tension, biomass, pH, ammonia and 
glucose concentrations were estimated when the cells were growing at 
various dilution rates. (Section 2.10.1).
-3
The chemostat culture grown in the media containing 1.5g dm 
glucose could not be maintained. The oxygen tension in the fermentor 
was reduced to zero at nearly all dilution rates and the bacterial 
cells clumped together and were deposited on the walls of the 
fermentor. No such problems were encountered at the lower glucose 
concentrations. Washout of the cultures occurred, for all glucose 
concentrations, at dilution rates greater than 0.75h . Washout was
characterised by a sharp decrease in biomass, clumping of bacterial 
cells and heavy cell deposits on the walls of the fermentor.
Typical data obtained in these experiments is shown in table 3«2; the 
relationship between specific heat output and dilution rate for both 
glucose limited chemostats is shown in Fig. 3-1. The heat output 
increased with increasing dilution rate as did the specific heat
TABLE 3.1 MOBILITY VALUES CT CELLS^ GRO'^ iA! IN THE PRESENCE 
AND ABSENCE OF POLYPROPYLENE GLYCOL
Average Mobility 10^ X V/ m ^  s"^ V 1
pH With Antifoam Without Antifoam
5 1.39 1.32
7 1.76 1.78
8.3 1.33 1.63
TABLE 3.2 DATA ASSOCIATED WITH THE GROWTH OF K.AEROGENES IN 
GLUCOSE LIMITED CHEMOSTAT CULTURES - EARLY METHOD.
0
Glucose 
Concentration 
/g dm“^
Dilution
Rate
D/h-1
Biomass/
-3mg cm
Oxygen
Tension
%
----5-----10^ X
Heat
Output/
J s-1
Specific
Heat
Output/
J min“l g"^
0.32 0.366 92 11.26 16.76
0.42 0.347 90 11.65 16.79
0.5 0.53 0.345 77 12.43 18.01
0.65 0.334 61 13.20 19.76
0.70 0.323 50 13.82 21.41
0.27 0.700 82 9.16 6.54
0.30 0.700 80 9.43 6.74
1.0 0.36 0.700 76 10.72 7.66
0.45 . 0.690 68 10.96 7.94
0.51 0.685 58 12.12 8.85
0.60 0.675 47 14.91 11.04
0.70 0.670 36 16.01 11.95
OFig. 3.1
Specific heat output as a function of the dilution rate 
of K. aerogenes grown in carbon limited chemostats 
C early method).
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output. Chemostat cultures maintained in the lower glucose media 
gave out more heat per bacterial cell than did the cultures grown in 
the higher glucose concentration.
As the growth rate increased more oxygen was consumed (Fig.3.2). 
However the oxygen tension remained well above 30^ at all times 
during growth in both chemostats indicating that oxygen was not 
limiting in the fermentor. The higher bacterial mass obtained 
from growth in the higher glucose concentration consumed more oxygen 
than did the culture growing in the 0.5g dm~^ glucose media.
The pH of the culture did not change with change in dilution 
rate (Fig. 3.3); the pH of the culture growing in the l.Og dm 
glucose media was lower (average 6.72) than that of the culture 
growing in the 0.5g dm ^ glucose media (average 6.85).
The ammonium concentration of the extracellular fluid at 
different dilution rates remained constant for each culture regardless 
of dilution rate (Fig. 3.4). The higher biomass maintained by the 
higher glucose concentration consumed more of the nitrogen source 
than did the lower biomass obtained from the 0.5g dm glucose media.
The bacterial mass decreased slightly with increasing dilution 
rate for both glucose concentrations. The l.Og dm ^ glucose media 
supported a biomass twice that of the 0.5g dm ^ glucose media.
It was not possible to estimate the glucose concentrations of 
the extracellular fluid accurately, as the concentration was too low 
to be assayed by the o-toluidene method.
3.3 E ffect of oxygen tension in the fermentor on the growth rate 
of K. aerogenes at a fixed dilution rate.
Cells of K. aerogenes were grown in media limited by glucose 
U.Og dm”^) at a fixed dilution rate of 0.5h“ . The fermentor was 
not aerated with the normal air supply but with a sterilised nitrogen/ 
oxygen mixture obtained from gas cylinders. The nitrogen/oxygen 
mixture was altered so that the oxygen tension in the fermentor could 
be varied from 0 - 100^. Results of heat output and other
Fig. 3.2
Oxygen tension in the fermentor as a function of the 
dilution rate of K. aerogenes grown in carbon limited 
chemostats, (early method).
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Fig. 3.3
pH of the culture as a function of the dilution rate of 
K,aerogenes grown in carbon limited chemostats.
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^nmonia concentration in the extra cellular fluid as a 
function of the dilution rate of K.aerogenes growing in
carbon limited chemostats.
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environmental properties are shown in Table 3.3. At zero oxygen 
level in the fermentor the cells were growing under anaerobic 
conditions. The heat output was much lower than that obtained 
under aerobic conditions. The pH of the anaerobic culture was 
also lower (6.58) than that obtained when oxygen was not limiting. 
The biomass of the anaerobic culture was only 0.335fng cm ^ about a 
half of that in aerobic culture. As the oxygen tension was 
increased so the cells began to grow under a^obic conditions. The 
pH attained a value of 6.78 which remained constant for all excess 
oxygen tensions. Similarly the biomass increased to 0.69mg cm ^ 
and remained at this level for all aerobic oxygen tensions.
However the heat output did not attain a constant value but 
continued to rise as more oxygen became available. There was an 
increase in the specific heat output as the oxygen tension increased
(Fig. 3.5).
3.4 Growth of K. aerogenes investigated using the new technique.
Cells of K. aerogenes were grown in carbon limited chemostats 
with glucose concentrations of 1.0, 0.75 and 0.5g dm . The new 
arrangement (Section 2.10.2) was used to measure the heat output, 
biomass and oxygen tension.
Typical results are shown in Table 3*4
As the dilution rate increased for each of the different 
glucose concentrations there was an increase in oxygen consumption 
(Fig. 3.6). A linear relationship between oxygen tension and 
dilution rate was observed. The specific heat output decreased
linearly with dilution rate for all three glucose concentrations 
(Fig. 3.7). Data from a duplicate experiment using l.Og dm ^ 
glucose media is also included. All three chemostats gave similar 
results and a common relationship can be obtained for each of the 
different glucose concentrations.
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Fig. 3.5
Specific heat output as a function of the oxygen tension in 
the fermentor for K.aerogenes grown at a fixed dilution rate 
To.5h in a carbon limited chemostat.
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TABLE 3.4
DATA ASSOCIATED WITH THE GROWTH OF K. AEROGENES IN GLUCOSE - 
LIMITED CHEMOSTATS - NE// METHOD.
1 ')
Glucose
Concentration/
g dm
Dilution
Rate
D/h-l
Biomassy
-3mg cm
Oxygen
Tension
10^ X
Heat
Output/
Js-1
Specific
Heat
Output/
Jmin“lg“d
0.31 0.79 66 10.63 6.81
0.37 0.79 63 9.78 6.19
1.0 0.43 0.79 58 8.50 5.38
0.32 0.78 54 7.23 4.58
0.67 0.77 47 2.13 1.50
0.73 0.73 40 0.43 0.29
0.33 0.60 63 9.78 8.15
0.39 0.59 59 8.50 7.24
0.75 0.45 0.60 55 6.38 5.27
0.51 0.60 52 5.53 4.61
0.55 0.60 48 4.25 3.54
0.64 0.60 43 2.55 2.13
0.71 0.59 39 1.53 1.27
0.31 0.49 83 7.23 7.45
0.37 0.49 80 5.78 5.96
0.5 0.45 0.49 77 4.68 4.82
0.51 0.49 75 3.66 3.77
0.59 0.47 71 2.55 2.71
0.66 0.46 67 1.70 1.86
0.72 0.45 65 0.43 0.48
1 i
Fig. 3.6.
Oxygen tension in the fermentor as a function of the 
dilution rate of K.aerogenes grown in carbon limited 
chemostats - (later method)
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Fig. 3.7
Specific heat output of K.aerogenes growing in carbon- 
limited chemostats as a function of the dilution rate - 
(later method).
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5*5 The effect on the measured heat output of varying the flow 
time between the fermentor and the microcalorimeter cell.
~3Cells of K. aerogenes were grown in an 0.75g dm glucose 
chemostat using the newly developed method. Extra polypropylene 
tubing was however placed between the fermentor and microcalorimeter 
cell to increase the flow time to 3 minutes, instead of the normal 
1 minute.
The extra tubing was placed in the microcalorimeter air bath.
A second experiment was carried out with a flow time of 3 minutes.
The heat output of the culture was recorded at different dilution 
rates. Fig* 3.8 shows the specific heat output for different 
dilution rates at the three flow times. For comparison the data 
obtained for the 0.75g dm"^ glucose chemostat (Section 3.4) with a 
flow time of 1 minute is included.
There was no common relationship between the specific heat 
output and dilution rate for the different flow times. For flow times 
of 3 and 5 minutes the heat output increased with increasing dilution 
rate, although the actual values are quite different, whereas with 
the 1 minute flow time the heat output decreased with increasing 
dilution rate.
3.6 Summary.
a) Low concentrations of polypropylene glycol did not affect the 
surface properties of cells grown in its presence.
b) The fermentor designed for this work (Section 2.10.1) was able
to support biomasses up to 0.7mg cm with a maximum dilution 
-1
rate of 0.?5h •
c) Using the early method the heat output increased with 
increasing dilution rate. Cells grown in glucose 
concentrations of O.gg.dm"^ evolved more heat per^cell than 
cells grown in glucose concentrations of l.Og dm .
I ' j - J
Fig. 5.8
Specific heat output of K.aerogenes growing in a carbon limited 
chemostat as a function of the dilution rate with various flow 
times between the microcalorimeter and the fermentor.
H  - 1 minute flow time.
Q  - 3 minute flow time.
- 5 minute flow time.
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d) Using the new method the sp ec ific  heat output of c e lls  grown in  
media containing 1 .0 , 0.75 and 0.5g dm ^ of glucose decreased 
l in e a r ly  w ith increasing d ilu tio n  ra te . Each cu lture  lib e ra te d  
the same amount of heat per c e l l .
e) The oxygen tension in  the fermentor and the flow ra te  between 
the m icrocalorim eter and fermentor a ffec ted  the measured heat 
output.
f )  The oxygen tension in  the fermentor decreased as the growth ra te  
increased. The biomass decreased s lig h t ly  as the d ilu t io n  ra te  
was increased but the ammonium concentration and pH of the 
c u ltu re  remained constant at a l l  d ilu tio n  ra te s .
CHAPTER 4.
GROWTH OF KLEBSIELLA AEROGENES IN CARBON LIMITED 
BATCH CULTURES.
l.!ü
Investigation of the growth of K.aerogenes using the early
technique.
Cells of K. aerogenes were grown in media containing I.O and 
-3
0.5g da of glucose. The experimental arrangement shown in Fig.2.2 
was used to monitor heat output, pH, oxygen tension, biomass and 
glucose concentrations.
Duplicate experiments were carried out. Typical results are 
shown in Figs. 4.1 and 4.2. There were similarities between the 
thermograms obtained for the two glucose concentrations. After 
inoculation the heat output increased smoothly with time until a biomass 
of O.IO - 0.l6mg cm ^ was reached, after which there was a reduction 
in the rate of increase of heat output. This slower increase in heat 
output continued until the start of the stationary phase of growth, 
whereupon a sudden decrease in heat output was observed. It then 
remained at a high level for some time until another sharp decrease 
occurred. The length of time from the start of the stationary period 
to this final drop in heat output was longer during growth in the more 
concentrated glucose solution. The heat output then remained 
constant at a low level for many hours. The baseline was re-established
when the cells were killed by the addition of formalin.
The oxygen tension decreased rapidly during exponential growth 
for both glucose concentrations. The value of oxygen tension was 
about 15% or below when the first break in the thermogram occurred.
The oxygen tension remained at zero until the stationary phase 
commenced when an increase in oxygen tension was observed. A peak 
was recorded and then the oxygen tension fell slightly to 45% for the 
0.5g dm~^ glucose and to about 10% for the higher glucose concentrat­
ions. It finally regained a high value (90 - 100%). This occurred
at the same time as the fihal decrease in heat output.
The pH change of the culture medium for each glucose 
concentration was very similar. Little change occurred before the 
first change in heat output after which the pH decreased considerably, 
reaching a minimum value at the end of the growth phase. The 
minimum pH value recorded during growth at a glucose concentration of 
l.Og dm’^ was 6.3 and at 0.5g dm“^ glucose it was 6.8. The pH
1 Ai
Fig. 4.1 
-3
Growth of K.aerogenes in batch culture containing l.Og dm 
glucose - (early method).
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Fig. 4.2
Growth of K.aerogenes in batch culture containing 
-3
0,5g dm glucose - (early method).
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gradually increased during the stationary phase and finally attained 
a constant value of about 6.9.
Estimation of the extracellular glucose indicated that the 
glucose concentration reached a zero value at, or soon after, the 
beginning of the stationary phase.
4.2 Investigation of the Growth of K. aerogenes using the new 
technique.
The heat output and oxygen tension were recorded for cells
growing in the modified fermentor (Section 2.11.2) in media contain-
-3
ing 1.0 and 0.5g dm glucose. Samples were removed from the 
fermentor for biomass determination.
The two thermograms (Figs. 4.3 and 4.4) are similar in several 
respects to each other but different from those obtained with the 
early experimental set up. (Figs. 4.1 and 4.2). The heat output 
increased rapidly as growth proceeded and reached a peak at the onset
of the stationary phase. The change in rate of heat output
'observed previously, when the oxygen level reached about 15%
(Section 4.1) was not seen in this experiment. After reaching a
maximum value at the end of the growth period the heat output
decreased rapidly and a sharp minimum value was obtained.
During the rest of the stationary period it fluctuated between 
a number of maxima and minima. With the l.Og dm glucose solution 
a sharp decrease in heat output was observed 11.5 hours after inoculation, 
this was followed by a constant heat output at a much lower level.
With the 0.5g dm""^  glucose media this final sharp decrease was less 
marked, instead there was a gradual decrease to the lower constant 
value. At the end of the experiment the baseline was exactly re­
established when formalin was used to kill the cells.
The oxygen tension decreased as growth proceeded. The minimum 
value corresponded to the sharp minima observed in heat output as the 
stationary phase began. The minimum level of oxygen in the fermentor 
was 20% for the l.Og dm"^ glucose and 60% for the 0.5g dm ^ glucose 
culture. The oxygen tension changed slightly as the stationary 
phase proceeded but remained above 25% for the l.Og dm ^ glucose
i i U
Fig. 4.3
Growth of K.aerogenes in batch culture containing 
l.Og dm ^ glucose - (later method).
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Growth of K. aerogenes in batch culture containing
0.5g dm ^ glucose - (later method)
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and above 70% for the 0.5g dm ^ glucose culture. The oxygen tension 
increased to about 90% as the final low constant heat output was 
attained.
The bacterial mass increased exponentially until the stationary 
phase was reached whereupon it remained constant. The final biomass 
depended on the glucose concentration used.
The differences in the pattern of changes of heat output for 
cells grown under the two experimental conditions is probably due to 
the marked differences in the oxygen tension in the fermentor. In 
the new set up the oxygen never becomes limiting.
4.3 Measurement of the oxygen tension of a bacterial suspension in
jhe microcalorimeter cell.
One of the main reasons for the development of the new system 
was to cut down the flow time between fermentor and microcalorimeter 
cell so that ^ the cells in the flow line would not become oxygen 
limited.
An experiment was carried out to discover if, with a flow time 
of one minute, the cells were starved of oxygen by the time they 
reached the microcalorimeter cell. If the oxygen concentration 
could be shown to be adequate then the measured heat output would 
presumably be that of an aerobic system.
As an oxygen electrode could not be introduced into the micro- 
calorimeter cell a simulated experiment was carried out. A batch 
culture of cells of K. aerogenes was grown in a carbon limited media 
(of glucose concentration l.Og dm ^). A 1dm ^ conical flask was 
used as the fermentor vessel, and it was vigorously aerated and 
stirred. A WBI oxygen electrode was placed in the fermentor vessel. 
Culture was pumped from the fermentor at 40cm\ ^ through another 
WBI electrode which had a sleeve fitted tightly around it. The 
culture was recirculated back into the fermentor. The flow time 
from the fermentor to the sleeved oxygen electrode was 1 minute,
i.e. the same time as normally taken for cells to reach the micro­
calorimeter cell. The fermentor was inoculated and the oxygen
tension recorded as growth proceeded. A comparison of the oxygen
tension recorded by the two electrodes is shown in Fig. 4.5.
The oxygen tension decreased rapidly as growth proceeded. A
minimum value of 20% was recorded by the electrode in the fermentor 
and 10% in the sleeved electrode. The oxygen tension then went
through a series of maxima and minima during the stationary phase 
before finally reaching a constant value of 80 - 90/6. The sleeved 
electrode exactly reflected the changes in oxygen tension shown by 
the electrode in the fermentor, although it always gave a lower 
reading of up to 10^ 6. However, the results suggest that not all the 
oxygen was used up after 1 minute in the flow line.
4.4 Effect of flow rate on the measured heat output.
Cultures of K. aerogenes were grown in glucose limited media 
(2.0g dm ) using the early experimental arrangement (Section 2.11.1). 
The heat output, pH, oxygen tension in the fermentor and biomass were 
recorded. In the first experiment the heat output was measured by
3 -1pumping culture into the microcalorimeter at 12cm h and in the
3 -1second by pumping culture at 25cm h . The flow lines were aerated 
in the usual manner. Subsequently the experiment was repeated at 
the same flow rates but without air segments pumped into the flow 
lines between microcalorimeter and fermentor.
The biomass, pH and oxygen tension changes as growth proceeded 
were similar for each experiment. The oxygen tension decreased 
rapidly and soon reached zero and remained at this level almost until 
the end of the experiment. It finally rose sharply to about 80%.
This rise occurred at the same time as the final change observed in 
all the thermograms.
The pH decreased slowly to reach a minimum of 6.1 at the end of 
the growth phase. It then slowly increased and attained a constant 
value of 6.5»
The biomass indicated that for each experiment the growth phase 
was completed  ^- 6 hours after inoculation.
A (-./ i .i
Fig. 4.5
Comparison of oxygen tension in the fermentor and in the 
flow line between the microcalorimeter and the fermentor.
^  - in the fermentor
Q  - in the flow line 1 minute after leaving fermentor.
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The thermograms obtained from each experiment were very 
different (Figs. 4.6 and 4.7). At a flow rate of 25cm\"^ with 
aeration in the flow line the heat output increased steadily, passed 
through a maximum value and then decreased slowly to a lower constant 
value. The maximum value coincided with the oxygen tension reaching 
zero. The onset of the 'plateau' of heat output coincided with the 
beginning of the stationary phase. Finally there was a sharp 
decrease in the heat output which was coincident with an increase in 
oxygen tension. At a flow rate of 12cm^h ^ with aeration in the
line the heat output increased steadily until the oxygen tension 
approached zero, whereupon the increase in heat output became much 
slower. This lower rate of increase continued until the end of 
growth when the heat output suddenly dropped. A plateau level was 
then observed for several hours before a final sharp decrease in heat
output which coincided with the increase in oxygen tension. A low
constant value of heat output was then obtained.
As well as being different shapes the two thermograms (at 
different pumping rates) were different in that the heat output was 
greater for the faster flow rate than for the slower one.
The two thermograms obtained without aeration in the flow line 
(Fig. 4.7) were similar to each other but markedly different from 
those where there was aeration in the line. The heat output 
increased steadily and reached a maximum as the oxygen tension 
approached zero. The heat output then decreased gradually before 
another large pulse of heat output occurred. The beginning of this 
second pulse did not appear to coincide with changes in any of the 
other parameters. Finally the heat output decreased to a low constant 
value as the oxygen tension increased again. The value of the heat 
output measured at the faster flow rate was much greater than that
at the slower flow rate.
4.5 Summary
a) A typical thermogram obtained using the early technique showed 
the following characteristics. The heat output increased rapidly 
until the oxygen tension approached zero whereupon the rate of heat 
output slowed down. At the onset of the stationary phase the heat
Î23
Fig. 4.6
Thermograms accompanying the growth of K.aerogenes in 
glucose limited media with aeration of the flow lines 
between microcalorimeter and fermentor.
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Thermograms accompanying the growth of K.aerogenes in 
glucose limited media without aeration of the flow 
line between micro-calorimeter and fermentor.
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foutput decreased to a constant but lower level before finally 
decreasing again to a very low level. This final change coincided 
with a return of the oxygen tension in the fermentor to a high level.
b) Using the new technique the thermograms obtained were similar
to that described above except that the change in rate of heat output 
due to oxygen limitation was not observed.
c) A simulated experiment indicated that, with a flow time of 1 
minute between fermentor and microcalorimeter, the oxygen tension in 
the microcalorimeter cell did not fall below 10% even at the 
maximum growth rate of the cells.
d) The flow rate between fermentor and microcalorimeter had a 
major effect on the measured heat output as did aeration of the 
flow lines.
A 3 'J
CHAPTER 5
THE GROWTH OF BATCH CULTURES OF K. AEROGENES 
IN OTHER MEDIA.
f o 
<-y
5.1 Batch Growth in Nitrogen Limited Media.
Cells of K. aerogenes were grown in the standard salts - glucose 
media in which the ammonium sulphate concentration was either 0.1 or
“30.05g dm . The heat output, oxygen tension, pH and biomass were 
recorded using the early experimental technique, for batch experiments. 
The glucose and ammonia concentrations were also recorded. The cells 
used as inoculum in these experiments had been trained to grow in 
nitrogen limited media. The inoculum used was the 107th sub-culture 
of cells in this media.
Figs. 5.1 and 5-2 show typical results obtained for the two
experiments. The two thermograms were very similar, but quite unlike
those obtained during growth in carbon limited media. There was a
steady increase in heat output as growth proceeded. Maximum heat
output occurred at the end of the exponential phase of growth, after
which there was a sharp decrease at the start of the stationary
-3
phase. In the thermogram associated with growth in O.lg dm 
ammonium sulphate media there was then a slow decrease in heat output 
which continued for many hours and was still proceeding when the 
experiment was concluded after 48 hours.
-3During growth in media containing 0.05g dm ammonium sulphate 
the heat output attained a constant value soon after the beginning 
of the stationary phase, and this value continued until 48 hours 
after inoculation, when the experiment was terminated.
The heat output per cell was much greater for cells grown in 
nitrogen limited media than for cells grown in carbon limited media. 
This is discussed more fully in Section 6.
The oxygen tension of both cultures decreased as growth 
proceeded reaching a minimum at the end of the growth phase. This 
minimum coincided with the maximum of the thermogram. The oxygen 
tension then increased again reaching a constant value of about 85%
■2; —?
in the O.C5g dm*"'" ammonium sulphate medium. With the O.lg dm 
ammonium sulphate medium experiment the oxygen tension continued to 
rise very gradually as the stationary phase continued.
4 n 1 
JL O
Fig. 5.1
Growth of K.aerogenes in batch culture containing 
O.lg dm ^ ammonium sulphate.
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Fig. 5.2
Growth of K.aerogenes in batch culture containing 
0.05g dm-3 ammonium sulphate.
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The ammonium concentration decreased and reached zero as growth 
finished. The glucose concentration decreased at a steady rate 
until the end of the growth phase. Thereafter it decreased very 
slowly as the stationary phase proceeded, and continued to decrease
until the experiment was terminated after 48 hours.
The pH of both cultures decreased at a steady rate until the end 
of the growth phase, after which it continued to decrease very slowly 
until the end of the experiment.
5.2 Growth in Glycine and Glucose Media.
Cells of K. aerofTcnes were grown in batch culture in media 
containing glycine as the nitrogen source and glucose as the carbon 
source. The heat output, biomass, oxygen tension and pH were 
measured, using the early method, for batch work. The cells used as
inoculum in these experiments had been trained to growth in glucose 
and glycine media. The inoculum used was the 110th sub-culture of 
cells in the media.
Fig. 5»3 shows the results obtained. Growth in this media was
very slow and did not appear to follow a simple growth curve.
Growth continued exponentially for 2 hours after inoculation, but then 
the growth rate changed and continued for several hours at a gradually 
decreasing rate. The stationary phase was not reached until 20 - 22 
hours after inoculation. The heat output increased sharply and 
reached a maximum after the oxygen tension had reached zero. The 
heat output then decreased gradually reaching zero after 13 hours 
growth. No detectable change was observed in the heat output when 
the growth rate changed. After reaching zero the heat output 
increased again and a constant value was attained as the stationary 
phase was entered. Finally after 33 hours the heat output decreased 
and attained a low constant value. This final change in the thermogram 
was accompanied by an increase of the oxygen tension which rose rapidly 
to reach a constant value of about 85%.
The pH decreased gradually at the start and the rate of decrease 
became less at the same time as the change in growth rate. The pH 
then decreased more rapidly, shortly after the heat output had reached 
zero. A minimum pH of 6.5 was reached as growth ended. Thereafter
.1 J :
Fig. 5.3
Growth of K.aerogenes in batch culture containing 
glucose as carbon source and glycine as nitrogen source.
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the pH rose steadily and attained a constant value of 7.7.
The glucose concentration decreased immediately after inoculation 
but then remained at a constant value. Suddenly, at a time which 
coincided with the change in growth rate the glucose concentration 
began to decrease steadily. It finally reached zero level when 
growth ceased.
5-3 Growth in glycine media.
Cells of K. aerogenes were grown in a batch culture of glycine 
media in which glycine provided both the nitrogen and the carbon 
source. The heat output, oxygen tension, pH and biomass were recorded 
using the early batch method. The cells used as inoculum for this 
experiment had been trained to grow on the glycine media. The 
inoculum used was the 75th sub-culture of cells in this media. The 
results are shown in Fig. 5*4. Growth occurred at two different 
rates; the initial exponential phase lasted for about 4 hours, after 
which there was a reduction in the growth rate and. another slower 
exponential phase continued until the end of growth 12 hours after 
inoculation. The heat output increased steadily until the end of 
the first phase of exponential growth, after which it slowed down.
This slower rate continued until the end of growth. The heat output 
then decreased sharply as the stationary phase began and then more 
slowly until a low constant value was attained.
The oxygen tension decreased and reached zero at the same time 
as the growth rate changed. However it then began to rise again 
almost immediately reaching a value of 40^ o, 5 hours after inoculation.
It then gradually decreased attaining zero level after 9 hours.
The oxygen tension remained at zero until the end of growth when it 
gradually rose again to a constant value of 9C%.
The pH remained constant until shortly after the change in
growth rate. During this second phase of growth it increased 
steadily to reach a value of 7.9 at the end of growth. It then
remained constant throughout the stationary phase.
1Fig. 5.4
Growth of K.aerogenes in batch culture containing glycine 
as both carbon and nitrogen source.
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^.4 Summary
a) The heat output of cells grown in nitrogen limited media increased 
rapidly as growth proceeded reaching a maximum at the end of growth.
It then decreased and remained at a low level for many hours after 
inoculation. The heat output per cell was greater than for carbon 
limited cells.
b) Growth in the glucose/glycine media was slow and appeared to 
occur at two different rates. The heat output increased until the 
oxygen became limiting whereupon it decreased steadily. It reached 
zero before increasing again and attaining a constant value at the 
onset of the stationary phase. Eventually the heat output 
decreased again to a low constant value. The pH of the final 
culture was 7-7.
c) Growth in glycine media occurred at two different rates. The 
heat output increased quickly during the initial, fast growth rate 
but as the growth slowed so the rate of heat output slowed. As the 
stationary phase commenced there was a sharp decrease in heat output. 
The rate of decrease slowed down and finally a low constant heat 
output was observed. The pH of the culture never fell below 7.0 
and at the end of the experiment was 7.9.
1 -X 3
CHAPTER 6. 
DISCUSSION.
 ^ '
In the study of the physical properties of the culture and 
medium during bacterial growth it is important to know the sources 
of error and their minimisation, and the limits of error and 
reproducibility of each physical technique under standard conditions. 
It is only when these factors are known that the experimental results 
can be discussed in a meaningful manner.
Of the environmental properties the pH was measured with an 
uncertainty of ± 0.05 pH unit, the biomass to ± 0.002 mg cm the 
glucose to ± 0.005 mg cm ^ and ammonia to ± 0.02 mg dm thus small 
changes in any of these properties which accompany bacterial growth 
can be readily and accurately monitored. The constancy of each of 
these during growth, at a given dilution rate in chemostat culture 
or the pattern of variation of each during growth in batch culture 
'•/as very reproducible. The oxygen tension of the culture could not 
be measured so reliably; the limits of error were ± 5/^  for the EIL 
electrode and ± 5% for the WBI electrode. It is believed that 
these large limits are most probably due to problems with the 
membrane and the depletion of oxygen in the medium by the electrode. 
In the experiments described this error was not very serious, since 
the electrodes were only used to give an estimate of the oxygen 
tension during growth and an indication of oxygen limitation during 
growth (i.e. \Jfo saturation). At tensions lower than this level
there is a change from aerobic to anaerobic metabolic pathways.
The heat output of the culture, pumped at a constant flow rate 
through the aerobic flow cell of the microcalorimeter was measured 
with a precision of ± 0.1y% J. The reproducibility of the constant 
heat output of chemostat cultures grown at a constant dilution rate 
was very good. During growth in batch culture the heat output varied 
with the phase of growth, however the pattern of this variation 
during the growth cycle was very reproducible.
It was established that provided growth conditions are constant 
(i.e. same medium, rate of aeration etc) then the variation of all 
the environmental parameters during growth were very reproducible.
It was thus possible to establish a standard set of conditions to 
represent a control.
. . J
The heat output measured by t'le microcalormeter is in fact a
rate of heat output, which is obtained by measuring the difference in
temperature between a cell, in which the bacterial suspension is
located, and the heat sink surrounding the cell. Further
information regarding the metabolic activity of the organism may be
obtained by calculation of the specific heat output; this is achieved
by integrating the original heat output - time records over small
time intervals and dividing by the dry weight of organisms in the
microcalorimeter cell at the mid point of the time interval. The
specific heat output is thus the heat evolved per unit of biomass per 
-1 . -1
minute (Jg min ). The errors associated with the calculation 
of this parameter are very large when small biomasses are involved, as 
occurs at the start of exponential growth batch culture, because of 
the uncertainty in biomass and the fact that a proportion of the cells 
OLHfiL dead.
The typical thermal and environmental records for cells of 
K.aerogenes grown in carbon-limited batch culture, using the early 
experimental method were reproducible during growth in media of both 
glucose concentrations (Figs. 4.1 and 4.2).
Changes in oxygen tension always gave rise to changes in the 
heat output and pH of the culture. No heat output was detected during 
the lag phase, but as growth entered the exponential phase the heat 
output increased until a biomass of 0.10 - 0.l6 mg cm ^ was obtained; 
after this point the rate of heat output continued to increase but at 
a much lower rate. The change in the rate of heat output coincided 
with the oxygen tension falling below 15/b saturation. This is the 
critical oxygen tension for cultures of K.aerogenes, below this value 
fermentation processes occur (Harrison and Firt, 196?). Therefore, 
it would seem that the initial change in heat output is due to oxygen 
starvation in the culture which caused the relative extents of 
respiration and fermentation to change. As oxygen tension decreased 
further, eventually to zero, the amount of glucose metabolised by 
anaerobic fermentation increased; although some glucose was always 
metabolised by aerobic pathways. The amount of heat given out by
anaerobic fermentation is less than that given out by aerobic pathways 
and accordingly the rate of increase in heat output decreased once 
fermentation commenced.
The large inocula used (approximately 7%) caused an initial rapid 
decrease in glucose concentration, presumably due to the sudden 
diffusion of sugar into the organisms. When the glucose source was 
exhausted exponential growth ended and a sharp decrease in heat output 
occurred; this was accompanied by an increase in the oxygen tension.
During the stationary phase the heat output did not return to 
baseline, this indicated endogenous metabolism occurring after all 
the glucose was used up. The materials endogenously metabolised may 
have been storage compounds, such as glycogen, and/or acid breakdown 
products, such as acetic acid, formed during fermentation. This 
endogenous metabolism resulted in a constant heat output during growth
in 1.0 g dm glucose (Fig. 4.1) and a pulse in O.pg dm ^ glucose 
(Fig. 4.2). During this period of endogenous metabolism considerable 
oxygen was consumed, indicating the oxidative nature of these metabolic 
processes. Eventually there was a decrease in heat output 
accompanied by an increase in oxygen tension to 80 - 90%. However 
the heat output still did not return to the baseline but attained a 
low constant value. It is difficult to ascertain what cell reactions 
create this final heat output but it may be connected with the 
maintenance energy requirements of bacterial cells. Alternatively, 
it may be lysis giving rise to smaller cells which causes the response.
During exponential growth the pH decreased gradually, attaining 
a minimum value at the end of this phase. During the stationary phase 
the pH increased attaining a final value of 6.85 - 6.90. The change 
in pH is probably due to the production of acid by-products from the 
fermentation of pyruvate under anaerobic conditions (Fig. 1.2), 
which are not utilised during growth but may be endogenously metabolised 
later.
At the onset of the stationary phase a large pulse in oxygen
~5tension was observed. This rose to 5C% during growth in 0.5 g dm 
glucose (Fig. 4.2). This may be due to the conversion of acid products, 
such as acetate, back to pyruvate, which was subsequently endogenously
H •. 'V JL ‘1 /
metabolised. This process would be expected to be endothermie and a 
decrease in total heat output would occur. This conclusion is 
supported by the minimum value of heat output observed immediately 
after the end of the growth phase (F ig s . 4.1 and 4 . 2 ) .
In general, reproducible and characteristic thermograms were 
obtained when K.aerogenes was grown in batch cultures of carbon - 
limited media. The shapes of the thermograms were very similar to 
those obtained by other workers in these laboratories (Few et al, 1977). 
Endogenous metabolism of acid by-products of fermentation and/or storage 
compounds occurred once the glucose was used up, giving rise to 
considerable heat output during the stationary phase. It is probable 
that the principal by-product utilised was acetate, as observed with 
cultures of E. coli grown under similar conditions (Eriksson and
Wadso,1971).
The early experimental arrangement for batch work (Fig. 2.2), 
however, had a number of limitations. The aeration of the fermenter 
was inadequate; this led to oxygen starvation relatively early in 
the growth phase which resulted in the presence of both anaerobic 
and aerobic pathways; the measured heat output was thereby affected 
and it was not possible to associate the heat output with a particular 
type of process. The experimental results (Section 4.4) clearly 
indicate that the measured heat output was dependant on the flow rate 
between the microcalorimeter and fermentor and also on whether or not 
the culture in the flow lines was aerated (ïTgs. 4.6 and 4.7). Not 
only did the actual value of heat output vary but also the shape of 
the thermogram was altered by changes of these experimental conditions. 
The difference in the thermograms can probably be attributed to 
differences in the amount of oxygen a va ilab le  to the cells in the 
microcalorimeter cell.
To overcome these problems and to obtain more representative 
values of heat output the later experimental method for batch culture 
was developed (Section 2 . 11. 2 ) .  In  this it was possible to maintain 
the temperature of the fermentor and contents at 3/C by using an 
internal heater; a stable baseline response was observed for up to 
48 hours. At the end of experiments, when the bacterial cells were 
killed with formalin, the baseline was exactly  re-established.
-g -■ n
-i-his proves that the idea of setting the fermentor in the air bath of 
the microcalormeter and reducing the flow - time between fermentor 
and microcalorimeter to one minute was practicable and should be 
considered as a potentially useful adaption of the microcalorimetric 
technique.
A simulated experiment (Section 4,3) showed that the oxygen
tension in the fermentor was never less than 20% even at maximum growth
rate and that the oxygen tension in the microcalorimeter cell was
always above 15%, except for a very short period at the maximum growth 
-5
rate in liOg dm glucose when it fell to 10% (Fig. 4.5). Hence the 
later experimental arrangement was a considerable improvement on the 
early one where oxygen rapidly became limiting. The cultures 
investigated using the later technioue were grown under fully aerobic 
conditions and it may be assumed that cells entering the microcalorimeter 
were not•starved of oxygen.
The heat output of batch cultures grown by the later technique 
increased at a constant rate until the end of the exponential phase 
(Figs. 4.3 and 4.4). Considerable heat output was recorded during 
the stationary phase indicating that endogenous metabolism of some 
kind was taking place. The principal substrates metabolised were 
probably storage compounds,formed duping the growth phase, and a 
small amount of acetate. The amount of acetate formed by these 
cultures was probably less than that found in cultures grown by the 
early technique since oxygen limitation did not occur and accordingly 
anaerobic fermentation occurred to a lesser extent.
The increase in oxygen tension and the corresponding sharp 
decrease of heat output, observed previously (Fig. 4.1 and 4.2), 
immediately after the end of growth were also present during growth 
in the modified fermentor (Fig. 4.3 and 4.4). This change was probably 
caused by the endothermie, non-oxygen-requiring, conversion of 
acetate to pyruvate which was then endogenously metabolised.
Eventually the heat output of the cultures grown in both glucose 
concentrations decreased to a low constant value.
Hence the only major difference in the shape of the thermograms 
obtained using the two experimental techniques of growth in batch 
culture was that the decrease in rate of heat output during the
exponential phase observed by the early method did not occur in 
cultures grown by the later method. This is because in the later 
set-up oxygen was not growth-limiting.
The specific thermogram associated with the growth of K.aerogenes 
in glucose-limited media (l.Og dm investigated by the early batch 
method is shown in Fig. 6.1. The original heat output-time record 
and growth curve (Fig. 4.1) are also included. The shapes of the 
specific thermograms using both the early and later experimental 
techniques were very similar. Most of the heat was liberated during
the exponential phase and the maximum value of the specific heat
output (90 - 150 J g ^ min ^) occurred early in the exponential phase. 
This indicates that it is during growth that the organisms are most 
energetically inefficient. Thus cells of K.aerogenes are able to 
utilise only a fraction of the energy provided by respiration, the
remainder is lost as heat. In the stationary phase the shape of
the specific thermogram' reflected changes in the heat output-time 
record and the oxygen tension, since at this stage the biomass was 
constant. For all cultures endogenous metabolism during the
-1 . -1
stationary phase gave rise to a specific heat output of 15 - 45 Jg min
In some preliminary experiments a study was made of the effect 
of changing the nitrogen or carbon sources.
Typical thermal and environmental records for cells of K.aerogenes 
grown in two nitrogen - limited (glucose sufficient) media were 
reproducible (Figs. 5.1 and 5.2). The growth phase was terminated by 
depletion of ammonium sulphate; 75% of the original amount of glucose 
was still present at the onset of the stationary phase. Growth was 
thus limited by nitrogen deficiency and a large amount of the energy 
source was still available to the cells after growth had terminated.
The glucose was slowly degraded during the stationary phase although 
considerable amounts still remained 48 hours after inoculation.
The heat output of the nitrogen-limited cultures was similar to 
that obtained by Boivinet (1964) wor.iing with S. lactis cultured 
under conditions where growth was limited by a nutrient other than the
150
Fig. 6.1
Keat output and specific thermogram of K.aerogenes 
grown in carbon limited media (early method)
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energy source. As growth proceeded the heat output increased 
(.tigs. 5*1 and 5»2) until the end of the exponential growth phase 
when it decreased sharply. Eventually a relatively high constant 
heat output was obtained during the stationary phase which was 
maintained throughout the remainder of the experiment and was 
presumably associated with the slow degration of glucose.
The ox^’-gen tension in the fermentor decreased during the 
exponential phase; during growth in O.lpg dm ^ ammonium sulphate the 
biomass was sufficiently large to cause oxygen-limiting conditions, 
although this did not occur until near the end of growth. There was 
no change in the rate of heat output corresponding to this depletion 
of oxygen. However the sudden decrease in heat output associated 
with the end of growth occurred almost immediately after the oxygen 
depletion and probably masked any changes due to oxygen depletion.
The consumption of oxygen during the stationary phase indicates that 
the degradation of glucose was by an aerobic process. The pH of
the culture continued to decrease very slowly after the end of growth 
suggesting that acidic by-products were formed by the gradual 
degradation of glucose.
The specific heat output in nitrogen - limited media (similar to 
Fig. 6.1) was greatest during the early stages of the exponential 
phase, i.e. the cells were respiring least efficiently at this time. 
During the stationary phase the specific thermogram exactly reflected 
the hpat output time trace because of the constant biomass.
The limiting - nitrogen source probably does not cause any change 
in the nature of the enzymes functioning during the growth cycle or 
the metabolic pathways involved. However it may slow down some 
metabolic reactions which, in turn, makes the overall process of 
glucose utilization less efficient. This would result in a greater
heat output during growth under nitrogen-limiting conditions than 
under carbon-limiting conditions; as was observed experimentally.
The most striking feature of the thermal and environmental 
records during growth in glucose (carbon source) and glycine (nitrogen 
source) was that changes in heat output could not be directly
1Ü3
related to changes in other environmental parameters (Fig, 5>»3)* 
Growth only occurred exponentially whilst the organisms were not 
starved of oxygen. Once oxygen limitation occurred the growth rate 
gradually decreased and thus made the end of the growth phase 
difficult to locate. However some glucose still appeared to be 
present at the start of the stationary phase. The changes in pH 
were particularly interesting; the pH decreased during glucose 
degradation in a manner comparable with that observed for carbon - 
limited cultures in which amm.onium sulphate vias the nitrogen source, 
but thereafter increasing to a steady value of 7.65. This is very 
much higher than that observed during growth in media containing 
ammonium sulphate as nitrogen source. Hence changing the nitrogen 
source caused changes in the metabolic processes and consequently 
changes in the end - products. The different thermograms recorded 
during growth in media containing different nitrogen sources 
(Figs, 4.1 and 5*3) are in accord with this general conclusion.
In contrast the heat output of cells growing in media in which 
glycine was both the carbon and nitrogen source could be directly 
correlated with changes in the other environmental parameters 
(Fig. 5.4). When growth commenced the biomass and heat output 
increased at constant rates until the oxygen became limiting. There­
after the rates of increase in heat output and biomass decreased 
until the end of growth. These changes were presumably caused by 
the fermentation of glycine by both anaerobic and aerobic pathways.
A significant amount of heat was detectable during the stationary 
phase, possibly due to the endogenous metabolism of storage compounds 
or by-products. The pH of the culture was constant until oxygen 
became limiting, it then increased steadily, reaching a high constant 
value of 7.9. At no time during the growth cycle were acid by­
products formed, which is indicative of a distinct change in the 
metabolic pathways used by the organisms. Further work is required, 
especially analysis of the products of metabolism, before the changes 
in heat output can be explained.
In general the results obtained using the glycine and glucose 
media (Fig. 5.3) and the glycine only media (Fig. 5.4) emphasize how
1 :;4
important it is to measure other parameters, in addition to the heat 
output, oi growing cultures. Unless sufficient parameters are 
measured the amount of information obtainable from a thermogram is 
greatly reduced and changes in the heat output are difficult to 
interpret,
Pne area enclosed by the thermomram is a measure of the total heat 
output during various phases of the growth cycle. Two problems arise 
if the total heat output in different media are to be compared.
Firstly the different media support different biomasses and hence the 
total heat output needs to be corrected for a unit of biomass.
Secondly, the length of time during which there is a significant heat 
output varies considerably for different media. For comparative 
purposes therefore, the total heat output was calculated from the area 
enclosed by the heat output-time curve up to the end of the growth 
phase (equation 6.1). The heat output during the stationary phase was 
not included.
Total heat output / J g ^ =
Heat outnut enclosed under
the thermogram until the x  1_____________  6.1
end of growth Final Biomass x Volume
(q per ) aerobic
-* ' cell
The total heat given out (Table 6.1) by the glucose-limited 
cultures would be expected to be the same regardless of the initial 
glucose concentration. When oxygen is not limiting (i.e. 0.5g dm ^ 
glucose in the early experimental method and 1.0 and 0.5g dm glucose 
in the later method) the results indicate that within the limits of 
experimental error this is so. However when oxygen limits growth
(as in the l.Og dm""^  glucose culture using the early method) the total 
heat is greatly reduced.
These calculations clearly provide further confirmation that the 
new method devised for the growth of batch cultures (Section 2.11.2) 
was superior to the early method (Section 2.11.1) in that the cultures 
could be grown under fully aerobic conditions in the fermentor.
Table 6.1
Total Heat Outout recorded for the growth of Ig of 
K.aerogenes in various media and using both experimental 
methods for batch work.
Media and Section and Method of Total Heat
Concentration Figure of batch work Output
experiment used KJg-1
Section 4.1 
Fig. 4.1
Early 3.42
: : : : Section 4.1 Fig. 4.2 Early 3.92
s ::: Section 4.2Fig. 4.3 Later 3.63
: : : :  «-s»*--’ Section 4.2 Fig. 4.4 Later 6.05
ÏÎ2S” o-n*-'’ Section p.l Fig. 5.1 Early 10.60
SSÎ5* Section 5«1 Fig. 5.2 Early 9.94
Glucose + Glycine Section 5.2
Fig. 5.3
Early 11.73
Glycine only Section 5.3 
Fig. 5.4
Early 25.70
The total heat given out by cells grown in nitrogen limited media 
was similar for both concentrations (Table 6.1). The value is 
considerably higher than that obtained with carbon limited cultures. 
This suggests that cells of K.aerogenes metabolise glucose less 
efficiently when grown under nitrogen-limiting conditions than when 
grown under carbon-limitation. It is possible that glucose is 
degraded at the same rate in both carbon and nitrogen-limited cultures, 
but that during nitrogen-limited growth the anabolic processes occur 
at a reduced rate and accordingly more of the energy obtained from 
the catabolic processes is wasted.
When glycine was used to replace ammonium sulphate as the 
nitrogen source the heat was approximately doubled (11.73 against 
5.87 Jg ^). This may be due to the fact that the cells were not 
fully adapted for growth with glycine as nitrogen source, despite 
]10 sub-cultures in the glycine/glucose media. Alternatively, the 
large amount of heat emitted may be due to the less efficient use of 
glycine as a nitrogen source.
Growth in media in which glycine provided both the carbon and 
nitrogen source was an extremely inefficient process, the total heat 
emitted was 25-70 Jg
It may be concluded that the total heat output and the shape 
of the thermogram obtained when cells of K.aerogenes are grown in 
batch cultures are dependant on the nature of the growth media, the 
oxygen tension of the growing culture, both in the fermentor and in 
the microcalorimeter cell, and the flow time between the fermentor and 
the microcalorimeter cell- It is essential that all these 
conditions be clearly defined in any microcalorimetric work on batch 
cultures.
When measured using the early experimental assembly the specific 
heat output of cells of K.aerogenes grown in carbon limited chemostat 
cultures increased with increasing dilution rate (Fig. 3-1). This 
observation is in agreement with trends observed by other workers;
Brettel(1977) working with S.cerevisiae in a turbidostat and Cardoso- 
Duarte et al (1977) working with an oxygen-deficient mutant of 
S.cerevisiae both found an increase in specific heat output with
l u ?
increasing dilution rate. Similarly Eriksson (personal 
communication) found an increase in specific heat output with 
increasing dilution rate for E.coli grown in a chemostat under 
aerobic conditions.
ihe shortcomings of the early arrangement have been discussed 
(Section 1.4.5). These are principally, the decrease of the growth- 
limiting nutrient concentration and oxygen-limitation in the flow 
lines between microcalorimeter and fermentor; the measured heat 
output is therefore unrepresentative of the steady state in the 
fermentor.
The specific heat of cells of K.aerogenes grown in media 
containing 0,5g dm ^ glucose was greater than that of cells grown in
“3l.Og dm glucose (Fig. 3*1)- It would be expected that the measured
heat output would be different for the two cultures because of the
different biomasses supported, but there appears to be no immediate
reason why the specific heat output should be different for the two
cultures. One possibility is that the larger biomass in l.Og dm ^
glucose media caused a greater decrease in the concentration of the
growth-limiting nutrient in the flow lines. Hence the growth rate
of cells reaching the microcalorimeter was more different from that
in the fermentor for the l.Og dm ' than it was for that in the
0.5g dm ^ glucose culture. UndeV these conditions the measured
heat output would be less for the l.Og dm " glucose culture since
the cells of this culture would be growing more slowly in the micro-
_3
calorimeter than cells of the 0.5g dm glucose culture, even though 
both cultures were growing at the same rate in the fermentor. There 
was also a problem arising from oxygen-limitation in the flow lines 
(Section 5.3). Harrison and Pirt (196?) -found that for carbon - 
limited chemostat cultures of K.aerogenes the critical oxygen tension 
was 15% saturation; below this value the organisms begin to respire 
under anaerobic conditions, but above 15%, oxygen uptake was 
independent of the oxygen tension. Hence it would be expected
that the heat output of cells grown at a fixed dilution rate in 
cultures for which the oxygen tension was above 15% would be the same, 
since all cells would be growing under aerobic conditions; cells 
grown under anaerobic conditions might well give a different heat 
output. The results obtained (Fig. 3.5) indicate that the specific
mheat output continued to rise as the oxygen tension increased above 
15%. This indicated that there was a change in oxygen tension in the 
flow line and that the excess oxygen conditions present in the 
fermentor were not maintained in the microcalorimeter. Presumably 
it took longer for the highest oxygen tension in the fermentor (95%) 
to become depleted in the flow lines than it did for the lower 
oxygen tensions (33 and 66%). Accordingly cells grown at higher 
oxygen tensions were less far removed from the steady state of the 
fermentor than were cells grown at lower oxygen tensions. This 
situation would give rise to the variations in heat output observed 
(Section 3-3)•
The results obtained using the early experimental chemostat 
arrangement indicate that oxygen-limitation and change of growth - 
limiting nutrient concentration occurred in the flow lines; and 
hence that the measured heat output was not representative of the 
steady state in the fermentor. To overcome these problems a new 
experimental arrangement (Section 2.10.2) was designed.
When cells of K.aerogenes were now grown in media of various 
glucose concentrations (Section 3.4) the measured heat output 
decreased with increasing dilution rate (Fig. 3.7) and the 
specific heat output was the same for all three glucose concentrations 
(1.0, 0.75 and 0.5g dm ^). These results were contrary to those 
of other investigators, and to the previous results (Section 3.2). 
However these results were shown to be an artifact of the experimental 
technique and not a true representation of the heat output of cells 
in the fermentor.
Pq explain how this artifact arose a brief resume^ of the 
experimental method is necessary. The fermentor was set into a hole 
cut in the lid of the air bath of the microcalorimeter (Fig. 2.9). 
Medium was pumped through a pre-heat coil (polypropylene tubing) 
located in the microcalorimeter air-bath, prior to entry into the 
fermentor. The medium (l60cm^) in the fermentor was aerated at 
3dm^ rnin”^. Fresh medium was continually pumped into the fermentor 
via the heating coil at a flow rate of 45cm\ ^ ie. a dilution rate 
of approximately 0.3h”^. The small electric heater inserted into
1Ü9
the fermentor was then adjusted to maintain the temperature of the
medium at 37J, i.e. the temperature of the microcalorimeter. Medium
was then pumped into the microcalorimeter cell (flow time 1 minute)
and a stable baseline obtained. The medium was then inoculated and,
when a steady state was obtained, the heat output measured. It was
assumed that the baseline established initially, for a dilution rate 
-1
of O.j'h , was the same for all dilution rates. This assumption was 
based on the oelief that the pre-heat coil was sufficient to bring 
the temperature of the medium flowing into the fermentor to 37"C, regard­
less of the flow rate of the medium.
This assumption proved to be incorrect, the flow through the pre­
heat coil was not adequate to bring the temperature of the medium 
passing through it to 37C. The faster the flow rate, f, the lower the 
temperature of the medium entering the fermentor. The internal 
heater in the fermentor gave out a constant heat throughout the experiment 
and had been adjusted to maintain the contents of the fermentor at 
37c for a low flow rate (f = 45cm^ h ^). At higher flow rates the 
cooling effect of the inflowing media was greater and the temperature 
in the fermentor fell below-3'%C, and hence the measured "heat output" 
decreased. The changes in heat output with "dilution rate" when only 
medium was pumped through the microcalorimeter, was exactly the same 
as that observed for growing cultures of K.aerogenes (Section 3.4).
Hence the results initially obtained using the new technique (Fig. 3-7) 
were due to a variable baseline which completely masked any variation 
in heat output of the bacterial cells at different dilution rates.
Attempts were made to overcome this design fault. A larger pre­
heat coil was used but this also proved unsuccessful at high dilution 
rates. The pre-heat coil was then removed from the system and the 
medium passed through the heating coils of the microcalorimeter air 
bath instead, (these heat coils had not previously been used in the 
new experimental technique). This did not improve the situation 
because the rapid flow of medium through the coils caused the 
temperature of the whole microcalorimeter to fall below 37^. Attempts 
were made to maintain the temperature of the medium reservoir at 3/C, 
so that the temperature of the medium passing through the pre-heat 
coil was not too different from the required temperature of 37G.
However this also proved to be unsuccessful as even small temperature
differences were sufficient to disturb the highly sensitive detecting 
system of the microcalorimeter.
Attempts were made to replace the electric heater by a thermo- 
statted heater. Although the thermostat was accurate to 37 ± O.TC 
this still proved to be inadequate, and a steady baseline could not 
be obtained for the measurement of heat output.
This raised the question as to whether the mounting of the 
fermentor in the microcalorimeter was practicable. No problem was 
encountered with this design when it was used for batch culture work 
as described previously. The baseline established initially was 
maintained throughout the duration of the batch culture experiments 
(up to 48 hours). The only fault of the new system was that the flow 
of fresh medium into the fermentor at different rates caused a change 
in the termperature of the contents of the fermentor. Hence the use 
of a single flow rate would overcome the problem and permit the 
measurement of heat output at a fixed dilution rate. Measurement of 
the heat output at different dilution rates can therefore only be 
achieved by growing a separate culture at each dilution rate and 
adjusting the ancillary heat supply to maintain a constant temperature 
at the beginning of each experiment. Although this technique would 
enable the heat output of steady state cultures to be measured it 
would take a considerable time and many of the advantages of working 
with chemostat cultures (i.e. production of bacterial cells capable of 
growing at different rates) would be lost.
The results of Section 3.5 may now be explained. The relationship 
between the specific heat output and dilution rate varied with the 
flow time between fermentor and microcalorimeter (Fig. 3.8). The 
results obtained when the flow time was one minute may be discounted 
since changés in specific heat output were obviously masked by changes 
in the baseline. The specific heat output increased with dilution 
rate when the flow time from fermentor to calorimeter cell was 3 and 5 
minutes; but the values of specific heat output were greater 
for the shorter flow time. It may be assumed that the results 
obtained using flow times of 3 and 5 minutes were less affected by the 
baseline problems associated with the one-minute flow time. The 
extra lengths of tubing used to increase the flow time were placed in
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the microcalorimeter air bath and culture flowing through these lines 
had more time to adjust to 37C before entering the microcalorimeter 
cell. Hence, although some variability of baseline may have occurred 
for these longer flow times the effect was not great enough to mask 
the heat output. The measured heat output was greater for the 3 
minute flow time than for the 5 minute flow time because the decrease 
in concentration of growth-limiting nutrient and of the oxygen tension 
in the flow line was less for the shorter flow time. Accordingly 
the bacterial cells entering the microcalorimeter were less far removed 
from the steady state in the fermentor when the flow time was shorter, 
and thus gave out more heat.
The oxygen consumed by cultures of K.aerogenes increased as the 
growth rate increased; the oxygen tension was a linear function of 
the dilution rate for cultures grown in either type of fermentor 
(Figs- 3*2 and 3*6). The ajnount of oxygen consumed was also dependant 
on the glucose concentration, higher biomasses consuming more oxygen.
In general the results are in agreement with the findings of Pirt 
(1957), that the oxygen requirements of continuous culture are dependant 
on dilution rate and substrate concentration (Section 1.3*3)*
The lowest oxygen tension, which occurred at the highest dilution 
rate for the highest glucose concentration, recorded in the fermentor 
was 35%, indicating that all cultures were grown under aerobic 
conditions at all times.
The maximum glucose concentration which could be used in the 
fermenpor was l.Og dm~^, this gave a biomass of 0.8mg cm Above 
this glucose concentration the biomass produced was too great to be 
supported; the oxygen tension fell to zero even at low^  growth rates 
and. the bacteria clumped together and adhered to the wall of the 
fermentor. Washout of all cultures occurred at growth rates greater 
than 0.75K
The biomass in all cultures investigated decreased very slightly 
with increasing dilution rate. A small change would be expected 
from the simple theory of a chemostat (Fig. 1.5)* This variation 
was insufficient to cause a detectable change in pH of the culture 
at different dilution rates (Fig. 3-3)•
1G2
Similarly the concentration of ammonia in the extracellular 
fluid (the amount of ammonium source not consumed during growth of the 
culture) did not vary with dilution rate (Fig. 3-4).
In conclusion it would appear that the specific heat output 
increases with increasing dilution rate for cells of K.aerogenes grown 
in carbon limited media. However the actual values of heat output 
obtained using the early experimental arrangement were unreliable 
because of depletion of the growth - limiting nutrient and of oxygen 
in the flow lines between fermentor and microcalorimeter cell. To 
overcome this a method was developed whereby the fermentor was built 
into the microcalorimeter air bath; the flow time between fermentor 
and microcalorimeter cell was reduced to one minute, greatly 
minimising the problems discussed. Although the new design showed 
many advantages it was found that a separate experiment v;as required 
for each dilution rate. Obviously if the new design is to reach its 
full potential it is necessary to be able to vary the dilution rate 
quickly and within the course of one experiment. If this is to be 
done then some means of controlling the temperature of the inflowing 
media must be found which gives very good temperature control over a 
wide range of flow rates. A possible means of doing this would be 
to have a preheat coil outside the microcalorimeter through which 
fresh media flows before entering the microcalorimeter. The 
temperature control of this preheat coil would have to be balanced, 
to a very fine degree, with the temperature control of the micro­
calorimeter. It would seem that the engineering expertise of the 
manufacturers, LKB, is necessary to fulfil this requirement.
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